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ABSTRACT 
Isaac T. Westfield: Mineralization of anthropogenic CO2 via water-gas-rock reaction 
(Under the direction of Justin Ries) 
 
 Atmospheric CO2 has increased 50% since the Industrial Revolution due to 
anthropogenic combustion of fossil fuels, deforestation, and cement production. 
Mineralization of fossil-fuel-derived CO2 is one method of reducing emission of 
anthropogenic CO2. Mineralization via aqueous precipitation (MAP) removes CO2 from 
anthropogenic waste-streams (e.g., fossil-fuel-fired power plants) and creates carbon-
negative mineral byproducts (Mg-Sr-Ca-Na-Fe-carbonates) to supplement/replace carbon-
positive building materials (cement, drywall). However, sequestration of anthropogenic CO2 
as carbonate minerals requires large sources of alkalinity (to convert CO2 to CO3
2-
) and 
divalent cations (e.g., Mg
2+
-Ca
2+
-Fe
2+
). Ultramafic and mafic silicate rocks (peridotites, 
serpentinites, basalts) are globally abundant sources of the divalent cations and alkalinity 
required for CO2 mineralization.  
 Fifty water-gas-rock batch-reaction experiments were performed on seven igneous 
rock-types to quantify and model MAP reactions under controlled and natural conditions. 
Rocks were pulverized (40-180 µm) and reacted with water under pure-CO2 and low-pCO2 
(ca. 44 ppm in air) and under 25 and 200°C for two weeks. CO2-sequestration increased an 
grain size decreased with reaction time, although late-stage flocculation occurred. CO2- 
sequestration was maximized for rock-types as follows: serpentinite—low-CO2/low-T; 
dunite, websterite, basalt—low-CO2/high-T; intermediate, peridotite—high-CO2/low-T.
iv 
 
  Peridotites sequestered the most CO2. CO2-sequestration was modeled as a function of 
solution pH, total alkalinity (TA), temperature (T), pCO2, dissolved inorganic carbon (DIC), 
and/or total dissolved solids (TDS) via multiple linear regression.  Rock-agnostic models 
were also generated so CO2-sequestration could be predicted when solution/groundwater 
chemistry was known but rock type wasn’t. Empirical relationships between TDS and TA 
were established for each rock-type for rapid, field-based assessment.  
 Elemental (Mg/Ca-Sr/Ca-Ba/Ca) and isotopic (
87
Sr/
86
Sr-δ18O-δ13C) 
chemostratigraphy of a well-stratified carbonate vein from the Del Puerto Ophiolite 
(California) revealed that carbonate-formation waters within the system have transitioned 
between domination by meteoric waters, marine limestones, and ultramafic rocks. Although 
these periodic flow-changes are likely caused by carbonate-precipitation-induced fracture-
sealing, such fracture sealing did not destroy the permeability of these systems—
demonstrating that CO2-sequestration in natural ultramafic deposits is not necessarily self-
limiting. 
 These results advance basic understanding of CO2-induced silicate weathering—one 
of few globally scalable mechanisms of sequestering atmospheric CO2 over human 
timescales and an important moderator of the global carbon cycle throughout Earth history. 
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CHAPTER 1: INTRODUCTION 
 
Consequences of increased atmospheric partial pressure of carbon dioxide 
 It is predicted that the anthropogenic elevation of atmospheric pCO2 will result in serious 
environmental repercussions, with global warming and ocean acidification producing the most 
critical impacts.  
 Global warming is caused by increased levels of atmospheric CO2, a ‘greenhouse gas’, 
trapping solar radiation between the Earth’s surface and the outer atmosphere. This global 
warming will cause warming in both terrestrial and marine systems, which is predicted to cause 
increased storm frequency and intensity (Emanuel, 2005), increased river flooding (Christensen 
and Christensen, 2003), more intense droughts (Sheffield and Wood, 2008), melting of polar ice 
caps (Yafeng and Shiyin, 2000), rising sea level (IPCC, 2007), and changing ocean circulation 
patterns (Toggweiler and Russell, 2008).  
 Ocean acidification is the depression of ocean pH via increased absorption of 
atmospheric CO2 by the oceans, creating increased concentration of carbonic acid (Kleypas et al., 
2006). Ocean acidification will impair calcification rates of marine calcifying organisms, such as 
corals, mollusks, and algae (e.g. Ries et al., 2009; Fabry et al., 2009). Ocean acidification may 
also change the speciation of metals in seawater (Millero, 2009), alter the behavior of 
soundwaves in seawater, and impact acid-base chemistry, even in non- induced changes in the 
Earth system carries its own risks for life on this planet (Hughes, 2000). 
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Strategies for slowing the rise of atmospheric partial pressure of carbon dioxide 
 Strategies proposed to combat the predicted rise in anthropogenic CO2 include the 
taxation of carbon emissions (Pearce, 1991), limiting carbon emissions through cap and trade 
legislation (Stavins, 2008), mandating increased efficiencies for automobiles and other fossil-fuel 
powered devices (Leduc et al., 2003), development and use of more renewable energy sources 
such as solar, wind, and hydroelectric power (Turner, 1999), terrestrial carbon sequestration 
(Post and Kwon, 2000), storage in the deep sea (Fujioka et al., 1995), storage in basinal brine 
reservoirs (Bachu, 2000), geological carbon capture and storage (CCS) (Gibbins and Chalmers, 
2008), and the mineralization of fossil-fuel derived CO2 via aqueous precipitation (MAP) 
(Seifritz, 1990).  
 Carbon capture and storage is the process of pressurizing gaseous CO2 to a supercritical 
state and storing it in depleted subsurface oil and gas reservoirs. Although geological CCS is 
presently the primary strategy employed for the industrial sequestration of anthropogenic CO2, 
recent work (Damen et al., 2006) has shown that the high buoyancy of supercritical CO2 causes it 
to migrate through the overlying geological strata and reenter the atmosphere over relatively 
short timescales.   
 The MAP process sequesters anthropogenic CO2 as solid carbonate minerals via reaction 
with naturally occurring and globally abundant ultramafic and mafic rocks, such as peridotites, 
serpentinites, and basalts (Seifritz, 1990). Reaction of anthropogenic CO2 and fluids with the 
silicate minerals within these ultramafic and mafic rocks increases the alkalinity, pH, and 
concentration of divalent cations (Ca
2+
, Mg
2+
, Fe
2+
) in the resulting solution. These are the three 
required components for natural precipitation of solid carbonate material. Industrial exploitation 
of this process would involve interaction of silicate minerals with fluids previously saturated 
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with anthropogenic CO2 gas, causing the precipitation of solid carbonate phases, such as Ca-, 
Mg-, and FeCO3. MAP therefore confers the advantage, over conventional geological CCS, of 
locking anthropogenic CO2 in a solid mineral phase that is stable under atmospheric conditions 
over geologic timescales. Carbonate minerals already comprise 30% of sedimentary rocks on the 
Earth’s surface and are the Earth’s largest sink of atmospheric CO2 by several orders of 
magnitude (Boggs Jr., 1995).  
 Fossil-fuel-fired power generation is the largest source of anthropogenic CO2 to the 
atmosphere and cement production is the third largest source. The United States used 122 million 
metric tons of cement and its 2,775 power plants produced 2.5 billion tons of CO2 in 2006. At 
least one company is proposing to use CO2 and excess heat from power plant flue gas in the 
MAP process to simultaneously sequester anthropogenic CO2 as solid carbonate mineral, while 
producing a carbon-negative cement as a byproduct (Biello, 2008). This approach would 
simultaneously reduce CO2-emissions from two of the world’s top sources of anthropogenic 
CO2, while generating a useful byproduct. 
 An important requirement for implementation of MAP CO2-sequestration is that the 
anthropogenic CO2 must either be generated in or transported to a region that has an abundance 
of ultramafic/mafic rock material. Alternatively, the ultramafic/mafic rocks can be mined and 
transported to sites of CO2 generation. Regardless, the closer the sources of CO2 and 
ultramafic/mafic rock deposits, the lower the costs of the MAP process. O’Connor et al. (2004) 
identified seven major ultramafic regions within the United States that have the potential to 
sequester substantial quantities of anthropogenic CO2. He estimates that these seven regions have 
the potential to sequester 100% of US CO2 emissions over the next 33 years (463 Mt of CO2 per 
year), but are not yet all cost effective, due to parasitic energy and economic demands.  
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 An important challenge to implementing MAP sequestration involves the relatively low 
efficiency of the process. The primary objective of the proposed research is to conduct controlled 
laboratory experiments to investigate rates of MAP CO2 sequestration for a range of igneous and 
metamorphic rock types under various pCO2 and temperature regimes. A second objective of the 
proposed research is to investigate the chemostratigraphy of a carbonate vein deposit within a 
terrestrial ophiolite deposit to elucidate how atmospheric CO2 is naturally sequestered in an 
ultramafic system. Comparison of naturally carbonating waters to those resulting from laboratory 
reactions could indicate how well an industrial process mimics the natural system. Finally, the 
experimental results and natural carbonates can be used to create models to provide the general 
sequestration potential of various mafic and ultramafic deposits. 
 
Background 
 
The role of ultramafic and mafic rocks in sequestering carbon dioxide from the Earth’s 
early atmosphere 
 
 Early in Earth history, atmospheric pCO2 was very high, in excess of 10-times modern 
levels (Morse and Mackenzie, 1998), due to intense, global-scale volcanism (Stanley, 2004). 
Such high levels of atmospheric pCO2 led to highly acidic (pH=6.5±0.2) rain and ocean waters 
(Morse and Mackenzie, 1998). This high atmospheric pCO2 was ultimately drawn down to near 
modern levels by the reaction of atmospheric CO2 with mafic and ultramafic rocks that 
composed the Earth’s young crust. Atmospheric and dissolved CO2 reacted with the mafic and 
ultramafic rocks in the presence of water and seawater, resulting in the deposition of various 
carbonate minerals throughout the Earth’s young crust. Thus, the reaction with mafic and 
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ultramafic rocks was Earth’s primary mechanism of sequestering the large quantity of CO2 in the 
early atmosphere. 
 
The potential role of ultramafic and mafic rocks in sequestering anthropogenic carbon 
dioxide 
 
 The process of CO2 mineralization via reaction with ultramafic/mafic rocks relies upon 
the unique properties of the magnesium-iron silicate mineral olivine (Figure 1.1). The weathering 
of olivine in an aqueous solution will increase the alkalinity, pH, and concentration of divalent 
cations (Ca
2+
, Mg
2+
, Fe
2+
) of that solution. The elevated alkalinity and pH converts dissolved 
CO2 into carbonate anions (CO3
2-
). The divalent cations will react with the CO3
2-
 to precipitate 
solid carbonate minerals (Ca-, Mg-, and FeCO3). Olivine is found in highest concentrations in 
ultramafic (e.g., peridotite, pyroxenite, serpentinite) and mafic (e.g., basalt) igneous and 
metamorphic rocks.  
 
  
Figure 1.1: Olivine—a key reactant in the mineralization via aqueous precipitation process. 
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 A mafic rock contains >50% mafic minerals, such as olivine, pyroxene, and amphibole 
(Philpotts and Ague, 2009). Flood basalts are globally abundant mafic rocks that form from the 
volcanic eruption of low-viscosity magma, which spreads laterally over the ocean floor or 
continent through which it erupts. Continental flood basalts are regarded as the mafic rock with 
the greatest potential for industrial CO2 mineralization because of their high olivine content and 
their abundance on continents, which makes them easier to acquire than seafloor basalts 
(O’Connor et al., 2004). Continental flood basalt deposits can be hundreds of thousands to 
millions of km
3
 in volume (Oelkers et al., 2008). Several of these large flood basalt deposits (or 
‘traps’) are easily accessible on the continents: the Columbia River Plateau and the Snake River 
Basalt Flood Plain in the northwestern United States; the Deccan Traps of central India; and the 
Siberian Traps in northern Russia (McGrail et al., 2006; Oelkers et al., 2008). 
 Ultramafic rocks contain >90% mafic minerals, are generally dark in color, and are found 
within ophiolite deposits (Philpotts and Ague, 2009). An ophiolite is a suite of ultramafic, mafic, 
and sedimentary rocks that were originally deposited on the seafloor and were subsequently  
obducted onto a continent at a subduction zone (Figure 1.2B) or uplifted within a mountain range 
and exhumed by erosion (Dilek and Robinson, 2003; Shervais, 2001). The stratigraphic structure 
of an idealized ophiolite mirrors seafloor stratigraphy (Figure 1.2A). Limestones in the upper 
portions of ophiolites were deposited as biogenic carbonates that settled out of the water column 
and covered the ocean floor. The extrusion of magma along the mid-ocean ridge created the 
underlying basaltic pillow lava. Beneath the pillow lavas are basaltic, sheeted dikes and sills. 
Beneath the sheeted dikes and sills is a thick section of non-cumulate gabbro, underlain by 
cumulate gabbro. Beneath the cumulate gabbro are cumulate ultramafics, which are underlain by 
highly olivine-rich rocks.   
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Figure 1.2: A. Idealized ophiolite sequence (from Philpotts and Ague, 2009). B. Emplacement of 
the Samail Ophiolite in Oman through obduction (from Searle and Cox, 1999). 
 
 Serpentine is a metamorphic mineral that is an important component of ophiolites. It 
forms from the hydrothermal alteration of olivine within ophiolites as they are uplifted and 
weathered along zones of tectonic activity (Coleman and Keith, 1971). Serpentinization of 
olivine increases the pH, alkalinity and concentration of divalent cations in ophiolitic 
groundwaters, which can lead to the precipitation of various carbonate minerals within and/or 
proximal to the serpentine via the mineralization processes. Various industrially relevant 
materials are obtained from ophiolites. The chrysotile polymorph of serpentine is the primary 
source of asbestos. Ophiolites have also been mined for chromite minerals, as well as for 
valuable metals such as gold, palladium, iridium, etc. (Leblanc and Violette, 1983; Oshin and 
Crocket, 1982; Thayer, 1964). Because of their economic value, most major ophiolite deposits 
have been extensively surveyed, mapped, and—in many cases—mined or quarried. Therefore, 
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ultramafic rocks for MAP-sequestration can sometimes be extracted at relatively low marginal 
cost, especially when coupled with ancillary mining activity. 
 Prior research on ophiolites has been focused on their tectonic history and their mineral 
and ore resources (Evarts and Schiffman, 1983; Hagstrum, 1998; Harper et al., 1994; Lipin, 
1984; Snoke, 1977). Much of the research into ophiolite systems in the western United States is 
centered on the tectonic origins of the discontinuous ophiolite bodies located throughout the 
Coastal Range of central California (Shervais et al., 2004), on hydrothermal terrains in northern 
California (Goff, 1999), and on the process of serpentinization (Barnes et al., 1972).  
 Ophiolites can produce hydrologic systems with anomalously high alkalinity (>9400 
µEq/L, Neal and Shand, 2002) and pH (>12.00, Barnes and O’Neil, 1969). The pioneering works 
of Feth et al. (1960) and Barnes and O’Neil (1969), which investigated high alkaline/pH fluids in 
ultramafic deposits in central and northern California, catalyzed broad interest in this unique 
groundwater system. Barnes et al. (1978) subsequently expanded their work on ophiolites and 
low-temperature serpentinization to include ophiolites from other areas of the world, including 
New Caledonia, Yugoslovia, and Oman. Kresic and Papic (1990) used the groundwater 
chemistry of ophiolites in Yugoslovia to constrain their model of subsurface geology in the 
region. Blank et al. (2009) investigated the microbial activity in the highly alkaline waters of the 
Del Puerto ophiolite (DPO), originally studied by Barnes and O’Neil (1969), as a potential 
analog for primitive life on Mars.  
 Seifritz' (1990) initial proposal to sequester anthropogenic CO2 via reaction with 
ultramafic minerals has led to more thorough and detailed investigations of the utility of 
ultramafic/mafic rock deposits and high-alkaline spring waters in the MAP process. McGrail et 
al. (2006) performed pilot tests of in-situ mineralization within continental flood basalts. Oelkers 
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et al. (2008) investigated CO2 injection in permeable basalts in Iceland (CarbFix project). Teir et 
al. (2005) investigated the use of acetic acid to extract Ca
2+
 from silicates for use in the MAP 
process.  
 Matter and Keleman (2008) conducted an in-depth investigation into the carbonation 
potential of the Samail Ophiolite, in Oman. They found that two distinct water types result from 
the weathering of the ultramafic rocks within the ophiolite. Type 1 waters are rich in Mg
2+
 and 
HCO
3- 
and results from early stage reaction between groundwater and peridotites. Type 2 waters 
are rich in Ca
2+ 
and OH
-
 with pH approaching 12 and result from late stage reactions between 
groundwater and peridotites. They found that addition of CO2 to each water type resulted in rapid 
precipitation of their corresponding carbonate mineral (MgCO3, CaCO3) and sequestration of the 
added CO2.  
  
The MAP reaction can be summarized in three steps: 
  
 
 Step 1 describes the hydration of CO2 when dissolved in water, forming carbonic acid 
(H2CO3) that rapidly dissociates into free hydrogen (H
+
) and bicarbonate (HCO
3-
) ions. Step 2 
describes the hydrolysis of the silicate mineral, in this case olivine, which generates free Mg
2+
 
and silicic acid (H4SiO4). Step 3 describes carbonate mineralization. Free magnesium bonds with 
free bicarbonate to form solid magnesite (MgCO3) and free hydrogen ions (O’Connor et al., 
2004).  Calcium and iron bearing silicates may also be used in place of, or in concert with, 
magnesium silicates (Equations 4 and 5), yielding calcium carbonate (CaCO3) or siderite 
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(FeCO3), respectively. Hydrated magnesium silicates, serpentine [Mg3Si2O5(OH)4], can also be 
used as a mineralization reactant. Serpentine will react with CO2 and water to form magnesite 
and silicic acid (Equation 6) (O’Connor et al., 2004). 
 
  
 
Prior MAP Research 
 Most prior investigations of the carbonation potential of silicate rocks have focused on a 
single mafic/ultramafic rock type (Huijgen et al., 2006), on optimizing the MAP process with 
chemical additives and under various physical conditions (Park and Fan, 2004; Gerdemann et al., 
2007), and on reactor and process design (Penner et al, 2005).  Workers have also begun 
exploring how this natural process may be adapted to an industrial setting (Biello, 2008), both as 
a strategy for sequestering carbon released via fossil fuel combustion and as a source of carbon-
negative building materials, such as cement (conventional cement production is carbon-positive). 
 Huijgen et al. (2006) conducted laboratory experiments to investigate the viability of 
wollastonite, a calcium silicate, in MAP sequestration. They found that wollastonite carbonated 
more rapidly (70% conversion to carbonate in 15 min) than its Mg-rich mineral counterparts, but 
such high reactions rates required grinding the rock particles to a minute size (<38 µm). 
Wollastonite is also less abundant on continents than Mg-rich silicates, which makes it less 
economically viable as a reactant in MAP sequestration. 
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 Chemical additions to the MAP process have also been shown to improve its efficiency.  
Gerdemann et al. (2007) found that use of a NaHCO3-NaCl solution instead of distilled water 
increased the reactive potential of all tested minerals (olivine, serpentine, and wollastonite). 
 Penner et al. (2005) investigated the effectiveness of various mixing devices, as well as 
the impact of temperature and pressure on reactions rates, within a flow-loop reactor. They found 
that a simpler inline mixer design was less efficient than more complex inserts, but was much 
less prone to clogging and maintained twice the flow rate of the more complex inserts (Figure 
1.3).  
 
 
Figure 1.3: Internal mixing inserts used by Penner et al. (2005) during flow-loop reactor 
experiments. 
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 McGrail et al., (2006) illustrated how increased CO2 partial pressure increases the 
dissolution rate of basalt and the concentrations of Ca
2+
 and Mg
2+
 in the product solution, but 
reduces the pH due to increased carbonic acid (Figure 1.4). Temperature also impacts MAP 
kinetics. Gerdemann et al. (2003) found that olivine was most reactive at 185⁰C (Figure 1.5).  
 
 
Figure 1.4: Calculated change in solution pH of typical basalt groundwater as a function of 
partial pressure of carbon dioxide and its effects on olivine dissolution. Dashed lines represent 
calculated pH assuming that equilibrium is established with calcite and magnesite (from McGrail 
et al., 2006). 
 
 
 
13 
 
 
Figure 1.5: Effect of temperature on olivine reactivity (from Gerdemann et al., 2003). 
 
 Park and Fan (2004) assessed the impact of various physical pre-treatments on the 
reactivity of serpentine. Ultrasonic agitation and internal grinding were shown to remove layers 
of SiO2 that precipitated on the reactant grain surfaces during MAP sequestration, which inhibit 
further rock-water interaction. Addition of glass beads to fluidized serpentine was shown to be a 
more effective form of internal grinding than addition of zirconia balls (Figure 1.6). 
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Figure 1.6: Effect of internal grinding, via addition of glass beads and zirconium balls, on 
serpentine reactivity under neutral pH (from Park and Fan, 2004). 
 
Research Objectives 
 The central objective of the proposed research is to investigate the viability of igneous 
rocks (ultramafic, mafic, and intermediate) as sources of alkalinity and divalent cations for 
mineralizing anthropogenic CO2. This has been accomplished through four independent, yet 
complementary lines of inquiry:  
 
 
 
15 
 
(1) Conduct laboratory batch reaction experiments to constrain the kinetics of 
intermediate/mafic/ultramafic rock-fluid-CO2 reactions under various CO2 and 
temperature regimes. 
 
(2)   Analyze the carbonate and cation geochemistry of high-pH spring waters issuing 
from mafic/ultramafic deposits to assess the viability of these rock deposits as in-ground 
sites for sequestering and storing anthropogenic CO2 as carbonate minerals. 
 
(3)  Investigate the isotopic/elemental geochemistry and carbonate mineralogy of 
secondary carbonate deposits within natural ophiolite sequences to determine the sources 
of groundwater, alkalinity and divalent cations that are involved in the precipitation of 
these carbonates. 
 
(4)    Develop numerical models from natural and experimentally derived data to be used 
for rapid assessment of sequestration potential of a mafic/ultramafic rock deposit. 
 
Objective #1:  
 Perform batch reactions to constrain the kinetics of intermediate/mafic/ultramafic rock-
fluid-CO2 reactions under various CO2 and temperature scenarios. 
 
Overview 
 Pulverized igneous and metamorphic rock samples were sieved to a specific size fraction 
and reacted with water under various temperature and pCO2 regimes for 2 weeks. Mixed rock-
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water samples were be taken at different intervals throughout the reaction and separated via 
vacuum filtration. The solid samples were dried in a N2 atmosphere, to prevent oxidation of Fe 
grains, and the water sample saved and stored to preserve their geochemistry. Solid samples were 
scraped from the filters following drying and stored for later analyses.   
 Samples from batch reactions were subjected to a large suite of analyses to generate a 
time series of the reactions. Solid field samples and reaction products were be analyzed for 
elemental composition, mineralogy, carbonate content, grain size, and micron-scale structure. 
Aqueous field samples and reaction products were analyzed for pH, total dissolved solids (TDS), 
total alkalinity (TA), dissolved inorganic carbon (DIC), and elemental composition. 
 
Field sampling 
 Seven individual rock types were used for this research, which include two peridotites 
(DP peridotite: 37°24'30.70"N, 121°24'32.80"W, CS peridotite: 39°10'12.85"N, 
122°30'39.37"W) and a serpentinite from the Coastal Range of Northern California 
(38°45'52.60"N, 122°35'43.01"W), a flood basalt from the Snake River Plain of Idaho 
(43⁰18'12.09" N, 116⁰31'13.77" W), a dunite (35°54'41.09"N, 82°11'17.13"W) and intermediate 
rock type (36° 3'44.60"N, 82° 0'34.92"W, hereafter referred to as ‘intermediate’) from the 
northern Blue Ridge Mountains of North Carolina, and a websterite (35°20'31.60"N, 
83°12'54.18"W) from the southern Blue Ridge Mountains of North Carolina (Figure 1.7). Rock 
samples were trimmed of weathered surfaces, crushed, and sieved to a specified grain-size 
interval for use in subsequent MAP reactions. Concentrations of major, minor, and trace 
elements and carbonate were determined for all sampled rock types. 
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Figure 1.7: Sampling localities and rock types. 
 
Reactor design 
 Three-phase (fluid-gas-rock) batch reactors (Figures 1.8A-B) were employed in these 
experiments. 200 g of crushed rock, sieved to a grain size range of 40-180 µm, and 3 L of DI 
water were added to a 4 L Pyrex glass flask with attached glass reflux condenser. Each reactor 
was placed on a 10-inch stirring hotplate with digital temperature control. The reaction solutions 
were stirred constantly with a 1” magnetic stir-bar and heated to either 25 or 200 °C. Water for 
the glass reflux condenser was chilled with a ½ hp chiller and continuously circulated through 
the reflux condensers to limit evaporation of fluids from the reactors, but to allow gas to escape 
freely. One of two gas types was introduced to the reactors: (1) pure CO2 or (2) a mixture of N2 + 
air (yielding an average of ~44 ppm  pCO2). All rock powders were filter-washed with acetone 
and allowed to dry prior to the start of the experiment in order to remove fine grain 
conglomerates that may have survived the sieving process.  
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Figure 1.8: A. Three-phase (fluid-gas-rock) batch reactor system. B. Batch reactions in progress.  
 
 Approximately 350 mL samples of the reaction slurry were obtained at 1, 6, 24, 48, 96, 
168, and 336 hour intervals throughout the experiment via a plastic syringe with an attached rigid 
plastic sampling tube. Each sample was filtered through a 0.4 μm cellulose filter. All filtering 
was performed in a N2-gas filled glove box to minimize oxidation of Fe minerals in the reaction 
products. 50 mL of filtrate was apportioned for pH measurement, followed by acidification with 
18% HNO3 in order to stabilize it for future elemental analyses. The remaining filtrate was stored 
in a glass-stoppered borosilicate glass bottle and refrigerated for subsequent TA and DIC 
analyses. The solid samples were allowed to dry in the N2-gas filled glovebox with constant N2 
flow to remove moisture. Igneous rock samples of limited size were reacted using lower rock 
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masses and water volumes (100 g/1.5 L), while maintaining the same rock:water ratio. Sampling 
frequency was reduced for these reactions (6, 96, and 336 hours) due to lower overall volume 
availability.  
 
Methods 
 ICP-MS/OES were used to measure the elemental composition of both solid and aqueous 
samples. These analyses indicate the pathways by which various elements migrate from within 
the source rock into the liquid and solid reaction products.   
 The amount of carbonate produced within each reaction was obtained via loss-on-ignition 
(LOI) and loss-on-acidification (LOA) techniques. During the LOI process, samples are 
combusted at varying temperatures such that organic material is removed and then carbonate is 
removed. Mass measurements at each step allow for calculation of carbonate percentages (Heiri 
et al., 2001). During the LOA process, carbonate is removed via dissolution in weak HCl acid. 
The latter technique is better suited for serpentines, which dehydrate at elevated temperatures, as 
well as basalt, which forms hydrophilic zeolites that take up water immediately after the final 
stage of heating and result in false carbonate masses.  
  A scanning electron microscope (SEM) was used to generate micron-scale images 
of individual grains within the solid source material and solid reaction products. These images 
show how the individual grains have changed physically as well as where carbonate has 
precipitated within the grain structures. The Energy Dispersive Spectrometer (EDS) within the 
SEM provides the major elemental composition of individual grains and precipitated carbonates. 
This allows for mapping of the changes in elemental composition of the grains from the core to 
the rim and to display the methods with which carbonate forms within grains.  
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 The pH and TDS of the reaction fluids were measured with a single-junction Ag/AgCl 
glass electrode calibrated with NBS buffers (NIST-traceable) and a conductivity probe designed 
for high TDS fluids (K=10), respectively. Field waters were measured with a portable field pH 
meter. pH and TDS are both necessary for calculating the other carbonate system parameters and 
are indicative of the reactivity of the different rock types under the various experimental 
conditions.  
 Total alkalinity (TA) and dissolved inorganic carbon (DIC) of all aqueous samples were 
measured concurrently via closed-cell potentiometric titration and coulometry, respectively. TA 
is the best indicator of the carbonate mineralization potential for a given fluid/rock type. DIC 
reveals the molar quantity of CO2 dissolved within the fluid. Combination of the DIC and the 
solid carbonate precipitated will yield the total sequestered CO2 (Total CO2) at each time point 
for each reaction. TA and DIC are also used along with TDS, temperature, and pH in calculating 
the remaining carbonate system parameters. 
 Grain size was measured for all solid reaction samples using a laser particle size analyzer. 
Solid sample is added to a constantly recirculating water stream that passes through a bank of 
detectors, yielding a distribution curve of the average grain sizes (McCave et al., 1986). These 
distribution curves can be used as indicators of reactive surface availability within the samples as 
well as the extent of reaction within each experiment. 
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Objective #2:  
 Perform geochemical analysis of high-pH spring waters issuing from mafic/ultramafic 
deposits to constrain water/rock reactions and assess their potential for in-situ carbon dioxide 
sequestration. 
 
Overview 
 Reaction dynamics between sampled rock and spring waters can be inferred by 
comparing geochemical analyses of the mafic/ultramafic rocks and the natural spring waters 
issuing from these deposits. These field-based relationships were compared to rock-water 
relationships derived from the laboratory batch reactions to determine how well the laboratory 
process mimics the natural process.  
 
Field sampling 
Natural spring waters were obtained from mafic/ultramafic deposits in the Coastal Range 
of Northern California, the Blue Ridge province of western North Carolina, and the Snake River 
Flood Basalt Plains of southwestern Idaho (Figure 1.7). Water samples were obtained from the 
major rock types to be investigated in the laboratory reaction experiments. Samples were 
obtained as near to the spring source as possible. These sites include various locations 
throughout the DPO (7 samples), Complexion Springs (2 samples), the Snake River Plain basalts 
(1 sample), Webster (16 samples), Bartlett Springs, California (1 sample), and near Newman 
Springs, California (1 sample). Three separate water samples were taken from each site. Samples 
for TA and DIC analyses were stored in 500 mL sealed borosilicate glass bottles. Samples for 
elemental analysis were filtered via syringe through a 0.4 µm filter, acidified with 18% HNO3 
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and stored in 50 mL plastic vials. Bulk 1 L samples were stored in HDPE Nalgene bottles. 
Concentrations of most major, minor, and trace elements, total inorganic carbon, total alkalinity, 
and pH were determined for each of the sampled spring waters. 
 
Analytical methods 
Water analyses were performed as described previously for the aqueous batch reaction 
samples.  
 
Objective #3:  
 Investigation of the isotopic/elemental geochemistry and carbonate mineralogy of 
secondary carbonate deposits within natural ophiolite sequences to determine the sources of 
groundwater, alkalinity and divalent cations that are involved in the precipitation of these 
carbonates. 
 
Overview 
 A large carbonate vein (Figure 1.9) was deposited within the Del Puerto Ophiolite (DPO) 
by an extinct subsurface spring (Figure 1.10). The vein carbonate was sampled at discrete layers 
and analyzed for elemental chemistry, 
87
Sr/
86
Sr, 13C, and 18O isotopic composition.  
Elemental/isotopic analyses of the carbonate vein’s layers, which appear to have been deposited 
sequentially, provide insight into the elemental and isotopic composition of the groundwater 
present at the time of precipitation of the vein. These analyses, in combination with chemical 
analyses of nearby groundwaters, help constrain the rock-water reactions that influenced the 
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composition of the vein’s formation waters, ultimately leading to the precipitation of the 
carbonate vein.  
 
 
Figure 1.9: Picture of Del Puerto Ophiolite carbonate vein showing the approximate sampling 
area (black box).  
 
 
Field sampling 
 Secondary carbonate deposits were sampled from the various ultramafic/mafic collection 
sites (Fig. 1.7). A large carbonate vein deposit was sampled within the DPO (Figure 1.10). 
Surface spring cements and fracture-veins were also sampled within the DPO. Secondary 
carbonate precipitates associated with basalts were sampled from the Snake River Flood Basalt 
Plain in SW Idaho. Surface carbonate deposits were sampled from a dried spring associated with 
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websterite in Webster, NC—the type locality for this mineral—and from an ultramafic rock 
outcrop near Newman Springs. Carbonate samples were obtained from active precipitation sites 
at Bartlett Springs in NC and Complexion Springs in CA. 
 
 
Figure 1.10: Extinct DPO spring. 
 
Analytical methods 
 Each layer within the DPO carbonate vein found in the DPO was sampled using a dental 
drill with 1/16” diamond bit (Figure 1.11). These samples were analyzed for elemental chemistry 
via inductively coupled plasma mass spectrometry (ICP-MS). 
87
Sr/
86
Sr isotopic analyses were 
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performed using a thermal ionization mass spectrometer (TIMS). 
87
Sr/
86
Sr serves as an indicator 
of original water source and the general rock types with which the water has interacted in the 
subsurface. 18O and 13C were measured with an isotope ratio mass spectrometer (IRMS), and 
also serve as an indicator of water source. Combining these isotopic data with elemental 
composition help constrain rock-water interactions that have occurred over the life of the spring 
that produced the carbonate vein.   
 
 
Figure 1.11:  Upper portion of sampled carbonate vein from the Del Puerto Ophiolite. 
 
Objective #4:   
 Develop numerical models from natural and experimentally derived data to be used for 
rapid assessment of sequestration potential of a mafic/ultramafic rock deposit. 
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Overview 
 Production of simple numerical models that can be used to assess the sequestration 
potential of various known or unknown rock deposits could be very valuable for determining 
viable in-situ sequestration sites. These simple models will make use of variables that can either 
be measured in the field or relatively easily in the laboratory. This would significantly cut the 
initial costs of site assessment and possibly increase the viability of the in-situ MAP process.  
 
 Analytical Methods 
 Multiple linear regression analysis was employed to construct numerical models that can 
be used to assess the potential Total CO2 (dissolved CO2 + solid carbonate) of a rock deposit. 
MLR uses multiple explanatory variables (x1, x2, … xp), such as TA, TDS, pH, Temperature, 
pCO2, etc., to create a predictive model for the dependent variable y (Total CO2), by fitting an 
equation to the observed data (Zar, 1999). Model output includes the numerical model itself, Pr, 
which measures the significance of the variables, R
2
, which is the goodness of fit of the model, 
and the Akaike information criterion (AIC), which measures the general quality of the model 
(Zar, 1999). Measuring the various explanatory variables and applying them to a given model 
will result in a predicted Total CO2 in g CO2 Sequestered/kg Source Rock. By using these models 
in the field or laboratory, an investigator could determine whether or not a specific field location 
would be worth addition, more costly analysis.  
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CHAPTER 2: FLUID-ROCK-GAS BATCH REACTIONS 
 
Introduction 
 Anthropogenic CO2 driven global climate change is predicted to cause significant 
impacts in both terrestrial and marine systems, including increased sea surface temperatures 
(Solomon, 2007), ocean acidification (Feely et al., 2004, Kleypas et al., 2006, Ries et al., 
2009), increased storm frequency and intensity (Emanuel, 2005), increased river flooding 
(Christensen and Christensen, 2003), more intense droughts (Sheffield and Wood, 2008), 
melting of polar ice caps (Shi and Liu, 2000), rising sea level (Solomon, 2007), and altered 
ocean circulation patterns (Toggweiler and Russell, 2008).  
 Early Earth pCO2, greater than 10x modern levels (Morse and Mackenzie, 1998), was 
eventually reduced to near modern levels by the reaction of atmospheric CO2 with the mafic 
and ultramafic rocks composing the Earth’s crust, forming carbonate minerals. This 
mineralization via aqueous precipitation (MAP) reaction continues to occur naturally in 
ultramafic and mafic rocks, such as ophiolites and flood basalts, throughout the globe.  
The MAP process sequesters anthropogenic CO2 as solid carbonate minerals via 
reaction with these naturally occurring and globally abundant ultramafic and mafic rocks, 
such as peridotites, serpentinites, and basalts (Seifritz, 1990). Reaction of atmospheric CO2 
and fluids with highly alkaline silicate minerals within ultramafic and mafic rocks increases 
the alkalinity, pH, and concentration of divalent cations, Ca2+, Mg2+, and Fe2+, (hereafter 
referred to with the notation ‘[Ca2+]’ indicating concentration) causing the precipitation of
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solid carbonate phases, such as Ca-, Mg-, and FeCO3, effectively locking anthropogenic CO2 
in a solid mineral phase that is stable under atmospheric conditions over geologic timescales. 
Carbonate minerals comprise 30% of sedimentary rocks on the Earth’s surface and are the 
Earth’s largest sink for atmospheric CO2 by several orders of magnitude (Boggs Jr., 1995).  
Ophiolites have historically been a significant source of asbestos, chromite, and other 
minerals. Flood basalts are often used as a source of building material and their immense 
deposit volumes and global distribution makes them an easily exploitable material. Ophiolite 
and flood basalt deposits alike could serve as potential reactive material sources for CO2 
sequestration via MAP reactions. The Semail Ophiolite, in Oman, for example, is estimated 
to sequester ~104 to 105 tons of atmospheric CO2 naturally each year through the natural 
MAP process (Kelemen and Matter, 2008). 
 Ex-situ application of MAP requires mining and processing of ultramafic and mafic 
rock and reaction with water to capture CO2. Current estimates indicate the ex-situ MAP 
process is not yet efficient enough to be cost effective for industrial scale implementation 
(O’Connor, 2005). Therefore, the augmentation of the MAP process to increase its efficiency 
is currently receiving extensive consideration (Teir et al., 2005, Park and Fan, 2004, 
Gerdemann et al., 2007, Penner et al., 2005, McGrail et al., 2006, Gerdemann et al., 2003). 
Reaction product testing, on the other hand, has attracted less attention. Significant 
work has been done to determine the ideal reaction products for the MAP process, but little 
testing of specific rock deposits has occurred (Kelemen and Matter, 2008, Oelkers et al., 
2008). By testing a wide range of potential reaction product deposits throughout the United 
States under a number of basic temperature and pCO2 conditions, we can increase our 
understanding of what specific types of deposits can sequester the most CO2 via the MAP 
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process under easily manipulated conditions.  
  
Use of mafic/ultramafic rocks for sequestration via mineralization 
 The MAP process relies on the unique properties of the magnesium-iron silicate 
mineral olivine. The dissolution of olivine in an aqueous solution will increase the alkalinity, 
pH, and concentration of divalent cations (Ca
2+
, Mg
2+
, Fe
2+
) of the solution. The elevated 
alkalinity and pH converts dissolved CO2 into carbonate anions (CO3
2-
), which then reactions 
with the divalent cations to precipitate solid carbonate minerals (Ca-, Mg-, and FeCO3). 
Olivine is found in highest concentrations in ultramafic (e.g. peridotite, pyroxenite, 
serpentinite) and mafic (e.g., basalt) igneous and metamorphic rocks. 
 Ultramafic rocks contain >90% mafic minerals and are found within ophiolite 
deposits (Philpotts and Ague, 2009). An ophiolite is a suite of ultramafic, mafic, and 
sedimentary rocks that were originally deposited on the seafloor and were subsequently 
obducted onto a continent at a subduction zone or uplifted within a mountain range and 
exhumed via surficial weathering processes (Dilek and Robinson, 2003, Shervais, 2001). 
 Continental flood basalts are regarded as the mafic rock with the greatest potential for 
industrial CO2 mineralization because of their high olivine content and their abundance on 
continents, which makes them easier to mine than seafloor basalts (O’Connor et al., 2004). 
Continental flood basalt deposits can be hundreds of thousands to millions of km
3
 in volume 
(Oelkers et al., 2008). 
 Serpentine is a metamorphic mineral that is an important component of ophiolites. It 
forms from the hydrothermal alteration of olivine within ophiolites as they are uplifted and 
weathered along zones of tectonic activity (Coleman and Keith, 1971). 
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 Ophiolites have been mined for chromite minerals, as well as for valuable metals such 
as gold, palladium, iridium, etc. (Leblanc and Violette, 1983, Oshin and Crocket, 1982, 
Thayer, 1964). Because of their economic value, most major ophiolite deposits have been 
extensively surveyed, mapped, and—in many cases—mined or quarried. Therefore, 
ultramafic rocks for MAP-sequestration can sometimes be extracted at relatively low 
marginal cost, especially when coupled with ancillary mining activity. 
  
Mineralization equations 
The MAP reaction can be summarized in three steps: 
 
 (1): CO2 hydrates when dissolved in water, forming carbonic acid (H2CO3) that 
rapidly dissociates into free hydrogen (H
+
) and bicarbonate (HCO3
-
) ions. (2): Hydrolysis of 
the silicate mineral, in this case olivine, generates free Mg
2+
 and silicic acid (H4SiO4). (3): 
Free magnesium bonds with free bicarbonate to form solid magnesite (MgCO3) and free 
hydrogen ions (O’Connor et al., 2004). Calcium and iron bearing silicates may also be used 
in place of, or in concert with, magnesium silicates, (4) and (5), yielding calcium carbonate 
(CaCO3) or siderite (FeCO3), respectively. Hydrated magnesium silicates, or serpentine 
(Mg3Si2O5(OH)4) can also be used as a mineralization reactant to form magnesite and silicic 
acid (6) (O’Connor et al., 2004). 
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Determination of reaction kinetics of different rock types 
 Investigation of reaction kinetics was the initial focus of MAP research when its use 
for anthropogenic CO2 sequestration was originally proposed by Seifritz (1990). This 
research has focused specifically on peridotite, serpentinite, and basalt due to the high 
concentration of olivine minerals (O’Connor et al., 2005, Huijgen et al., 2006). Peridotite is 
the least abundant of these three rock types, but is the most efficient in the MAP process 
(O’Connor et al., 2005). Serpentinite is more abundant than peridotite, but is the least 
efficient, as it requires a preheating step (O’Connor et al., 2005). Basalt is by far the most 
abundant of the three rock types, but is less effective than peridotite and pre-treated 
serpentinite (O’Connor et al., 2005). However, the viability of a large number of individual 
deposits with variable mineralogy for MAP reactions is yet to be determined. 
 
Methods 
Field Sites 
 Seven separate deposits were sampled throughout the United States (Figure 2.1), 
consisting of 6 different rock types: three ophiolitic bodies in central and northern California, 
one site in the Snake River Plain of southern Idaho, and three discontinuous ophiolite 
deposits in the Blue Ridge Mountains of North Carolina. The Del Puerto ophiolite (74 
samples) is a heavily studied location and a primary source of natural mineralization research 
(Barnes and O’Neil, 1969, Blank et al., 2008). The Del Puerto ophiolite is part of the Costal 
Ophiolite Complex in central California and is primarily peridotite, serpentinite, dunite, 
harzburgite, and some pyroxene (Himmelburg and Coleman, 1968). The rock type (17 
samples) from the Mendocino region of northern California is primarily serpentinite and 
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taken from a region with significant hydrothermal alteration. The Complexion Spring 
ultramafic (9 samples) is a peridotite from a small ophiolite deposit in northern California. 
Water from Complexion Spring reaches a pH >12 (Barnes et al., 1972), suggesting it is 
highly reactive. The Frank ophiolite deposit (65 samples) in the northern Blue Ridge 
Mountains is a mixture of secondary carbonate, serpentinite and intermediate rocks (Bluhm, 
1976). An intermediate igneous rock (hereafter referred to as ‘intermediate’) was chosen 
from this site to determine the potential of lower olivine content rock types in the MAP 
process and as a contrast to the more traditional rock types. The Newdale ultramafic body (23 
samples), in the Blue Ridge Mountains of northwestern North Carolina, is primarily dunite 
with minor serpentinization (Vrona, 1977). The deposit was quarried prior to the 1980s, but 
is no longer active. The Webster Websterite deposit (24 samples) is a variant of dunite found 
outside Webster, NC in the southern Blue Ridge Mountains. It is similar to the dunite found 
in Newdale, but with elevated Fe content. The final rock type is a continental flood basalt 
from the Thousand Springs region of southern Idaho in the Snake River Plain. The addition 
of a flood basalt sample covers the range of primary rock types considered for use in the 
MAP process.  
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Figure 2.1: Map of sample sites and rock types.  
 
Experimental Technique 
 Three-phase (fluid-rock-gas) batch reactors (Figure 2.2) were employed to determine 
MAP reaction kinetics. 4L Pyrex glass flasks with attached glass reflux condensers were used 
as the reactor vessels. Each rock type was crushed and sieved to a grain size range of 40-180 
µm. All rock powders were filter-washed with acetone and allowed to dry prior to the start of 
the experiment in order to remove ultrafine particulates. 200 g of each rock sample was 
continually stirred in 3L of deionized water with a constant supply of either pure CO2 or a 
low-pCO2 gas mixture (66.4 ppm average) and heated to 25 or 200°C on a 10-inch stirring 
hotplate with digital temperature control.  
 Samples were reacted for two weeks and sampled at intervals of 1, 6, 24, 48, 96, 168, 
and 336 hours. ~350 mL mixed water/rock samples were taken at mid depth, while 
continuously stirring, via a plastic syringe and attached rigid plastic tube.  
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Figure 2.2: A. Three-phase (fluid-rock-gas) batch reactor system. B. Batch reactions in 
progress.  
 
Each mixed sample was filtered through a 0.4 µm cellulose filter in a N2-gas filled 
glove box to minimize oxidation of Fe minerals. 50 mL of filtrate was placed in a plastic 
sample vial, measured for pH, and acidified with 18% HNO3 for subsequent elemental 
chemistry analysis. The remaining filtrate was stored in a glass-stoppered borosilicate bottle 
and refrigerated for TA and DIC analyses. The solid samples were allowed to dry in the N2-
gas filled glovebox. Solid samples were later scrapped from the filters and stored for later 
analyses. 
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Due to the limited available sample mass for some rock types, reaction product mass 
was reduced to 100 g and water volume reduced to 1.5 L to preserve the same rock:water 
ratio. Subsampling was reduced to 6, 96 and 336 hours. Two rock types reacted under the 
initial conditions (dunite and websterite) were rerun under the modified reaction conditions 
to assure the reaction kinetics were comparable.  
 
Analytical Techniques 
ICP-MS/OES 
 Elemental chemistry of aqueous samples was determined via ICP-OES. Elemental 
chemistry of solid samples was determined via ICP-MS. Changes in the elemental chemistry 
of the aqueous and solid samples throughout reaction can be indicative of mineral dissolution 
and carbonate precipitation as the reactions progress. ICP-MS and ICP-OES analyses were 
performed at Acme Labs, in Vancouver, BC, Canada. 
 
SEM-EDS 
 Scanning electron microscopy with elemental dispersive spectrometry (SEM-EDS) 
was employed to investigate structural and chemical changes on the micron scale. This 
system allows for micron scale visual and chemical analysis of individual sample grains. 
SEM-EDS analysis performed on a Tescan SEM with semi-quantitative EDS at University of 
North Carolina – Chapel Hill, Department of Geological Sciences. 
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LOI/LOA 
The carbonate concentration was obtained via loss-on-ignition (LOI) and loss-on-
acidification (LOA) techniques (Heiri et al., 2001). LOI could not be employed for all 
samples due to the elevated temperatures, which cause the formation of hydrophyllic zeolites 
within the basaltic samples (Kristmannsdottir, 1979) and temperatures >635⁰C dehydrate 
serpentine minerals (Weber and Greer, 1965), resulting in false carbonate concentrations. 
These samples were instead weighed, subjected to 0.5 M HCl acid to dissolve the carbonate 
material, filtered, dried and reweighed to determine carbonate concentration. LOI/LOA were 
performed in the Ries Lab, University of North Carolina – Chapel Hill, Department of 
Marine Sciences. 
 
TA/DIC/pH/TDS 
 The aqueous carbonate chemistry was determined via a combination of pH, 
total dissolved solids (TDS), total alkalinity (TA) and dissolved inorganic carbon (DIC) 
measurements. The pH and TDS of the reaction fluids were measured with a Orion single-
junction Ag/AgCl glass electrode calibrated with NBS buffers (NIST-traceable) and a YSI 
conductivity probe designed for high TDS fluids (K=10), respectively. The total alkalinity 
(TA) and dissolved inorganic carbon (DIC) of all aqueous samples were measured 
concurrently via closed-cell potentiometric titration and coulometry. TA is a good indicator 
of the carbonate mineralization potential of a given fluid/rock mixture. DIC reveals the molar 
quantity of CO2 dissolved within the fluid. The remaining carbonate system parameters were 
calculated using equilibrium reaction equations. The combination of these measurements 
with LOI/LOA values are used to calculate the overall sequestration potential of a given rock 
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type under a given condition at a given time. TA and DIC performed on a Marianda 
VINDTA 3C in the Ries Lab, University of North Carolina – Chapel Hill, Department of 
Marine Sciences. 
 
Grain Size 
 Grain size was measured for all solid reaction samples using a laser particle 
size analyzer. Solid samples are added to a constantly mixed water flow that passes through a 
series of sensors. The analyzer uses reverse Fourier optics in a fiber optic spatial filter system 
and a binocular lens system to determine the grain size of the introduced sample. The grain 
size distribution is computed as a volume percent. (McCave et al., 1986). These distributions 
curves can be used as indicators of reactive surface potential within the samples as well as 
the extent of reaction within each experiment. Grain size analyses were performed on a 
Beckman Coulter LS13 320 Laser Particle Size Analyzer, in the Diemer Lab at the 
University of North Carolina – Charlotte, Department of Geography & Earth Sciences. 
 
Results and Discussion 
 Figures 2.3-2.9 present the pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], solid MgCO3, 
and total CO2 sequestered. The total CO2 sequestered value is a projection of the grams of 
CO2 that would be sequestered as solid carbonate and DIC given 1 kg of source material 
reacted under identical conditions and rock:water ratio.  
 
 
 
 
 
44 
 
Rock Types 
Frank Intermediate Rock (Figure 2.3)  
 The Frank Intermediate was run under open atmosphere in addition the low and high 
CO2 treatments. This was intended to determine if open air would potentially lead to 
passivation of grain surfaces due to Fe oxidation. It was determined that Fe grains were in 
fact being oxidized, which led me to discontinue this reaction condition for any further rock 
types. pH values are dominated by the low-CO2 treatments, which is expected due to the 
elevated H2CO3 in the high-CO2 treatments. The 200⁰C, high-CO2 treatment appears most 
effective based on TDS and TA, but the DIC values for 25⁰C, low-CO2 are highest. The 
maximum solid carbonate percent was 1.018% after 1-week under 200⁰C, low-CO2 
conditions. The highest 336 hour results were 0.995% under 25⁰C, high-CO2 conditions. 
This condition also resulted in the highest DIC of 17781.68 mEq. The 25⁰C, high-CO2 
condition is projected to sequester 21.79 g CO2/kg-source. This suggests that while 
inefficient relative to rock types with higher olivine content, intermediate rocks may have 
potential as in situ sequestration sites.  
 
Snake River Flood Basalt (Figure 2.4) 
 The Snake River Flood Basalt exhibits a steady increase in TA across all treatments 
over time. DIC increases over time under low-CO2 conditions, but is less consistent under 
high-CO2 conditions, with 25⁰C, high-CO2 highest until a significant drop at 336 hours 
places it below the 25⁰C, high-CO2 treatment. The figures for percent solid carbonate and 
total CO2 sequestered are nearly identical in their trends. This indicates that DIC has minimal 
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impact on the overall potential of the flood basalt for MAP and is dominated by precipitated 
carbonate. The 200⁰C, high-CO2 treatment has the highest total CO2 sequestered value at the 
168 hour mark (209.83 CO2/kg source rock). 
 
Newdale Dunite (Figure 2.5) 
 pH results for the Newdale Dunite reach at least 90% of their maximum after 168 
hours. 200⁰C treatments decrease in pH and 25⁰C treatments increase in pH after 168 hours. 
Unlike the intermediate or basalt, DIC closely reflects the trends of both TDS and TA, 
suggesting that all three metrics are related. [Ca
2+
] is nearly non-existent in the aqueous 
samples relative to [Mg
2+
], which is expected due to the minimal [Ca
2+
] within the solid 
source material (0.1% vs. 23.9%). [CO3
2-
] is highest for the 200⁰C, high-CO2 treatment, 
which is surprising as the same treatment has the highest percent solid carbonate result. The 
200⁰C treatments have the highest percent solid carbonate and total CO2 sequestered values. 
Three of the four treatments indicate little contribution from DIC, whereas the 25⁰C, high-
CO2 treatment appears to have a significant DIC component. Total CO2 sequestered results 
indicate that the 200⁰C, low-CO2 and 25⁰C, high-CO2 treatments improve with continued 
reaction from 168 to 336 hours, while continued reaction under the 25⁰C, low-CO2 and 
200⁰C, high-CO2 treatments is detrimental. The error bars represent the range of results from 
the initial reaction and the additional run under the reduced reaction conditions.  
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Webster Websterite (Figure 2.6) 
 Over the full 336 hour reaction, TDS, TA, and DIC generally have the same overall 
trends, with the high-CO2 treatments having significantly higher values relative to the low-
CO2 treatments in all cases. [Mg
2+
] is significantly higher than [Ca
2+
], which is expected 
based on source material wt% for CaO and MgO (0.25% vs. 24.4%). The low-CO2 
treatments contain higher percent solid carbonate until the 336 hour mark, when the 25⁰C 
treatment dips below both high-CO2 treatments. Total CO2 sequestered results are similar to 
percent solid carbonate, except for the 25⁰C, low-CO2 treatment remaining higher than the 
200⁰C, high-CO2 treatment. The significantly higher DIC results for the high-CO2 treatments 
appear to have little effect on the final total CO2 sequestration potential of the websterite, as 
the trends change very little when the DIC is added to the percent solid carbonate. The 25⁰C, 
low-CO2 treatment has the highest total CO2 sequestration potential at the 336 hour time 
point (126.604 g CO2/kg source rock). The error bars represent the range of results from the 
initial reaction and the additional run under the reduced reaction conditions.  
 
Mendocino Serpentinite (Figure 2.7) 
 TDS, TA, and DIC for the serpentinite have the same relative trends as the dunite and 
websterite, with the 25⁰C, high-CO2 resulting in the highest values. Serpentinite is another 
high [Mg
2+
] rock type, relative to [Ca
2+
]. Solid carbonate percent is highest in low-CO2 
treatments, with the 25⁰C treatment highest (19.32%). Total CO2 sequestered is heavily 
dependent upon solid carbonate percent and the 25⁰C, low-CO2 treatment still has the best 
results after 336 hours (311.976 g CO2/kg source rock), but results for high-CO2 treatments 
are still influenced by DIC. The highest overall total CO2 sequestered is from the 200⁰C, 
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high-CO2 treatment at the 96 hour mark (390.997 g CO2/kg source rock). The error bars 
represent the range of results from the initial reaction and the additional run under the 
reduced reaction conditions.  
 
Del Puerto Peridotite (Figure 2.8) 
 The Del Puerto Peridotite exhibits the highest TDS, TA, and DIC of any rock type 
tested. The results from the 25⁰C, high-CO2 treatment are an order of magnitude higher than 
all others. The [CO3
2-
] for the 25⁰C, high-CO2 treatment is also significantly higher than all 
others. Unlike the other rock types, wt% MgO is significantly greater in only one treatment 
(25⁰C, low-CO2) and not similar to any other treatment. Percent solid carbonate and DIC 
both play a significant role in total CO2 sequestered. The 25⁰C, high-CO2 treatment has the 
highest total CO2 sequestered result at the 168 hour mark (297.299 g CO2/kg source rock). 
The error bars represent the rage of results by the initial reaction and the repeat run under the 
reduced reaction conditions.  
 
Complexion Spring Peridotite (Figure 2.9) 
 The Complexion Spring Peridotite shows very similar trends to the Del Puerto 
Peridotite. Aside from a precipitous drop in [CO3
2-
] for the 25⁰C, high-CO2 treatment and a 
juxtaposition of the 200⁰C treatments in the percent solid carbonate and total CO2 
sequestered results after 336 hours, all final relative results across all metrics are essentially 
the same, indicating the 25⁰C, high-CO2 treatment has the most potential for this rock type 
and the highest total CO2 sequestered at the 96 hour mark (320.960 g CO2/kg source rock).
 
 
 
 
Figure 2.3: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the Frank Intermediate.  
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Figure 2.4: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 Sequestered vs. time for 
the Snake River Flood Basalt. 
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Figure 2.5: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the Newdale Dunite. 
5
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Figure 2.6: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the Webster Websterite. 
5
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Figure 2.7: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the for the Mendocino Serpentinite. 
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Figure 2.8: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the Del Puerto Peridotite. 
5
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Figure 2.9: pH, TDS, TA, DIC, [CO3
2-
], [Ca
2+
], [Mg
2+
], percent solid carbonate, and total CO2 sequestered vs. time for 
the Complexion Spring Peridotite. 
5
4
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Analytical variable vs. time 
 Figures 2.10-2.17 present each analysis versus time for each experimental treatment. 
These figures indicate which treatment provides the optimum results for each treatment 
condition.  
 
pH vs. time (Figure 2.10) 
 The average pH for all low-CO2 treatments (8.74) is higher than the average for all 
high-CO2 treatments (7.50). This is expected due to the increased carbonic acid produced by 
the increased CO2 input in the high-CO2 treatments. The 200⁰C treatment has a much higher 
average pH (8.11) than the 25⁰C treatment (6.88) for the high-CO2 treatments. This is likely 
due to the increased solubility of CO2 at lower temperatures. The 200⁰C, low-CO2 treatment, 
in contrast, does not have a higher average pH (8.69) than the 25⁰C treatment (8.78). This 
could be caused by the very low pCO2 (66.4 ppm average) forming little carbonic acid in 
both treatments, thus magnifying any minor fluctuations. 
 
 
 
 
56 
 
 
Figure 2.10: pH versus time for all treatments. 
 
TDS vs. time (Figure 2.11) 
 In every treatment, except for the 200⁰C, high-CO2 treatment for the peridotites, there 
is an increasing trend in TDS. This is a direct result of dissolution of olivine minerals 
releasing Ca, Mg, and Fe cations over time. The declining trend expressed by the peridotites 
could be explained by solid carbonate precipitation removing Ca, Mg, and Fe from the 
system at a greater rate than it is added via mineral dissolution. 
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Figure 2.11: TDS versus time for all treatments. 
 
TA vs. time (Figure 2.12) 
 Much like TDS, TA exhibits an overall increase for each rock type over all 
treatments, except for the peridotites. TA decreases for both peridotites in the 200⁰C, high-
CO2 treatments. TA also declines from 96 to 336 hours for the CS peridotite under the 25⁰C, 
high-CO2 treatment. These declining values could also be explained by a greater solid CO2 
production rate relative to TA production.  
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Figure 2.12: TA versus time for all treatments. 
 
DIC vs. time (Figure 2.13) 
 DIC increases over time for nearly all rock types under high-CO2. DIC decreases over 
time for the peridotites under the 200⁰C treatment. This could also be a result of a higher rate 
of carbonate precipitation. The basalt shows a very minor decrease in DIC under the 25⁰C, 
high-CO2 treatment from the 96 to 336 hour time points. DIC under the low-CO2 treatments 
exhibits only weak trends. All rock types, aside from the CS peridotite, have a generally 
increasing trend at 25⁰C. At 200⁰C most rock types have a largely decreasing trend 
 
 
59 
 
following an initial increase. The websterite and basalt are the only rock types that exhibit a 
significant increase by the end of the reaction. The weak DIC trends and inconsistencies are 
likely due to the low CO2 input during these treatments. 
 
 
Figure 2.13: DIC versus time for all treatments.  
 
Aqueous [Ca
2+
], [Mg
2+
] vs. time (Figure 2.14) 
 [Ca
2+
] and [Mg
2+
] were only measured in aqueous high-CO2 samples. The basalt rock 
type has the highest [Ca
2+
] (52.5 mg/L) in the 96 hour sample of the 25⁰C treatment. The 
intermediate rock increases significantly in [Ca
2+
] over time under both temperature 
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conditions. [Ca
2+
] increases slightly for the CS peridotite in the both high-CO2 treatments. 
No other rock samples have significant [Ca
2+
].  
 [Mg
2+
] varies amongst treatments and rock types and within rock types. Under the 
200⁰C treatment, the dunite and both peridotites decrease over time, while the other rock 
types increase over time. The dunite is the only rock type to decline over time under the 
25⁰C treatment. All other rock types increase over time, with the CS and DP peridotites 
increasing significantly (+1973 mg/L and +2295 mg/L). The 25⁰C treatment appears to be 
most effective in adding divalent cations to the system.  
 
 
Figure 2.14: Aqueous [Ca
2+
], [Mg
2+
] versus time for all treatments. 
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[CO3
2-
] vs. time (Figure 2.15) 
 [CO3
2-
] is more variable than the majority of measurements. All rock types have an 
overall increasing trend under the 25⁰C, low-CO2 treatment. Four rock types (websterite, 
basalt, serpentinite, DP peridotite) increase over time and three rock types decrease over time 
(intermediate, dunite, CS peridotite) under the 200⁰C, low-CO2 treatment. The CS peridotite 
is the only rock type that decreases over time under both high-CO2 treatments. The 336 hour 
sample from the DP peridotite has the highest overall [CO3
2-
] (9794.3 mmol/kgSW), under 
the 25⁰C, high-CO2 treatment. 
 
 
Figure 2.15: [CO3
2-
] versus time for all treatments. 
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Solid carbonate vs. time (Figure 2.16) 
 The peridotites were the only rock types to show a decrease in percent MgCO3 over 
time under the 25⁰C, low-CO2 treatment and the serpentine had the highest final value 
(19.32%). The intermediate is the only rock type to decrease over time under the 200⁰C, low-
CO2 treatment and the DP peridotite had the highest final value (19.05%). The peridotites are 
the only rock types to show a decline over time under the 25⁰C, high-CO2 treatment and the 
highest final values are from the DP peridotite and basalt, which are nearly identical (15.69% 
and 15.68%). The peridotites are the only rock types to decline over time under the 200⁰C, 
high-CO2 treatment and the DP peridotite has the highest final value (16.98%). 
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Figure 2.16: Solid MgCO3 precipitate versus time for all treatments. 
 
Total CO2 sequestered (Figure 2.17) 
 The peridotites are the only rock types that have a declining total sequestration 
potential over time under the 25⁰C, low-CO2 treatment. The majority of rock types approach 
their maximum by the 96 hour time point. The serpentinite has the highest final sequestration 
potential (311.976 g CO2 sequestered/kg source rock) at the end of the reaction and overall, 
under this treatment.  
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 The intermediate is the only rock type that declines over time under the 200⁰C, low-
CO2 treatment. The majority of rock types reach ~90% of their maximum by the 96 hour 
time point. The DP peridotite has the highest total sequestration potential by the end of the 
reaction (229.661 g CO2 sequestered/kg source rock) under this treatment.  
 All rock types increase in sequestration potential throughout the reaction under the 
25⁰C, high-CO2 treatment. Most rock types reach their maximum by the 96 hour time point. 
The basalt is the only rock type that improves significantly from 96 to 336 hours. The CS 
peridotite has the highest total sequestration potential at the end of the reaction (291.423 g 
CO2 sequestered/kg source rock) under this treatment.  
 The peridotites are the only rock types that have reduced sequestration potential over 
time under the 200⁰C, high-CO2 treatment. The intermediate is the only rock type that does 
not reach its highest total sequestration potential by 168 hours. The CS peridotite has the 
highest final total sequestration potential (224.879 g CO2 sequestered/kg source rock) under 
this treatment.  
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Figure 2.17: Total CO2 sequestered versus time for all treatments. 
 
 Every rock type under every condition begins with a surprisingly high initial total 
CO2 sequestered value (2.17), which would suggest that these reactions need not be run for 
more than 6-24 hours to create the most efficient system. Unfortunately, it is apparent that 
these high initial values are the result of solid carbonate material present within the source 
materials. Each sample for these reactions was taken from a surface deposit that had reacted 
with the atmosphere and produced natural carbonate material.  
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 This does not necessarily mean all solid carbonate results we have measured (Figure 
2.16) are from the source material. It is apparent that the carbonate materials in the source 
materials begin to dissolve as the reactions start. This is seen in the SEM results (see Figure 
2.44) which indicate that the source carbonates are dissolving over time, and new carbonate 
is being reprecipitated within or around the grains in the reactors. The degassing of the CO2 
in the source material as the carbonate dissolves may seem to give these reactions a net zeror 
sequestration or release of CO2, but this will likely not be the case for industrial scale 
systems. The rocks used in those systems will be much less weathered and contain 
significantly less initial carbonate and therefore will result in much higher net sequestration.  
 It is apparent that the peridotite rock types are the most successful under the systems 
tested in this study (2.17). The disadvantage of the peridotites is their reduced overall 
availability and deposit size, relative to some of the other rock types. On the other hand, the 
serpentinite and basalt sequestration potential appears to approach the sequestration potential 
of the peridotites. This will be of significant interest to industry, as serpentinite and basalt are 
the two most easily accessible and wide spread mafic/ultramafic rock types available.  
 The remaining rock types (dunite, websterite, intermediate) may still have potential 
for smaller sequestration systems located in the vicinity of the deposit or as in situ 
sequestration sites that require no additional energy input.  
 
Grain Size 
 Grain size is a controlling factor in any rock:water reaction, as it can affect the 
reactivity of the system. A larger average grain size will reduce the available reactive surface 
area of the rock:water system in question. Therefore, a smaller grain size is ideal for 
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increasing the rate of reaction in any MAP sequestration system. The average grain size is 
presented as the D50 grain size, which is the grain size under which 50% of all grains fall. 
Average grain size is expected to decline as the reaction progresses due to continuous 
physical and chemical weathering processes occurring within the reactors. This was not the 
case under for each rock type and treatment.  
 The intermediate and basalt are the only rock types that have a reduced D50 grain 
size over the extent of reaction relative to their initial grain sizes. The dunite rock type has a 
reduced D50 grain size for all treatments at the end of the reaction when the repeat runs of 
this rock type are averaged, but the 200⁰C treatments of the initial dunite reactions resulted in 
final D50 grain sizes greater than the initial values (Figure 2.18).  
 The initial and reduced websterite 25⁰C reactions have similar overall values with 
little variance and result in reduced D50 grain sizes over time. Conversely, the initial 200⁰C 
reactions resulted in increased D50 grain sizes by the end of the reaction and the reduced 
200⁰C reactions finished with reduced D50 grain sizes similar to the 25⁰C reactions (Figure 
2.18).  
 The high-CO2 reactions result in reduced D50 grain sizes over the extent of reaction 
for both runs of the serpentinite rock type. The 200⁰C, low-CO2 reactions also have 
comparable results, but have final D50 grain sizes much higher than the initial D50. The 
25⁰C, low-CO2 treatment, on the other hand has vastly different 336 hour grain sizes for the 
two different runs, with a range of 247 µm. (Figure 2.18).  
 All DP peridotite treatments decline in D50 grain size to the 96 hour sample and then 
increase for the 336 hour sample. Three of the four treatments follow very similar trends over 
the extent of the reaction. The 25⁰C, high-CO2 reaction has a very wide range of 336 hourr 
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results from the repeat runs of the DP peridotite. This wide range is likely due to an 
analytical error that will be covered later. Adjusting for this possible analytical error results 
in an average 25⁰C, high-CO2, 336 hour value between the values for the 200⁰C, low-CO2 
and 200⁰C, high-CO2 samples (Figure 2.19).  
 The 200⁰C, low-CO2 treatment for the CS peridotite is the only reaction that has a 
consistently increasing D50 grain size. The D50 for the 25⁰C, low-CO2 treatment drops 
significantly over the first 6 hours, but increases for the remainder of the reaction. Both high-
CO2 treatments decline in D50 grain size over the extent of reaction, resulting in both of the 
treatments having final D50 grain sizes lower than the low-CO2 treatments (Figure 2.19).  
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Figure 2.18: Changes in D50 grain size over time for dunite, websterite, DP peridotite, CS 
peridotite, and intermediate rock types under each treatment. 
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Figure 2.19: Changes in D50 grain size over time for basalt and serpentinite rock types under 
each treatment. 
 
 The D50 grain size decreases over time under 25⁰C conditions for the majority of 
rock types (Figure 2.20). The serpentinite (low-CO2) and DP peridotite (high-CO2) are the 
only rock types that have a greater D50 grain size after the full reaction. While the average 
D50s for these rock types is elevated after 336 hours, one reaction for both cases falls below 
the starting D50. Therefore, it may be that all rock types do decrease over time for both 25⁰C 
treatments. The D50 grain size declines over the by the 336 hour sample for all rock types 
under the 200⁰C, high-CO2 treatment. Despite the D50 grain size being less than the starting 
D50 for each rock type, all but the basalt and intermediate rock types increase in D50 grain 
size over the final week of reaction. Final D50 grain sizes have a high variability under the 
200⁰C, low-CO2 treatment. CS peridotite, websterite, and serpentinite are the only rock types 
that increase in grain size over the full extent of the reaction. DP peridotite and dunite also 
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increase over time if you consider the upper range of the repeat reactions for these rock 
types.  
 
 
Figure 2.20: Changes in D50 grain size over time for each condition and rock type. 
 
Intermediate Rock Type 
 The intermediate rock type had an initial D50 of 98.75 µm. The final grain sizes for 
the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, low-CO2, and 200⁰C, low-CO2 treatments are 
37.01, 10.42, 9.259, and 19.12 µm respectively. In all treatments the grain size increased 
over the first 6 hours of reaction. This initial increase could be a result of initial reaction and 
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precipitation cementing grains together. As reaction continued these grains may have 
disaggregated and continued to reduce in average size over time (Figure 2.20).  
 The 200⁰C, low-CO2 treatment resulted in the highest solid carbonate sequestered 
within an individual sample. The 168 hour sample is 1.018% carbonate material. The D50 for 
this treatment increases from 48 hours to 168 hours and then declines in the 336 hour sample. 
The grain size distribution for each of these samples shows a progression from a unimodal 
distribution to a generally bimodal distribution over time (Figure 2.21).  
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Figure 2.21: Grain size range (in vol%) for each sample over time for the intermediate 200⁰C, 
low-CO2 treatment. 
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Basalt Rock Type 
 The basalt rock type had an initial D50 of 136.1 µm. The final grain sizes were 20.49, 
7.983, 40.40, and 8.158 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, low-CO2, and 
200⁰C, low-CO2treatments respectively. Grain size reduced progressively throughout all 
reactions, except for an increase between 48 and 96 hours under the 200⁰C, low-
CO2treatment (Figure 2.20).  
 The 200⁰C, low-CO2treatment resulted in the highest solid carbonate sequestered 
within an individual sample. The 336 hour sample is 17.08% carbonate material. The D50 for 
this treatment increases from 48 to 168 hours and then declines in the 336 hour sample. The 
grain size distribution for this reaction is unimodal through 96 hours and becomes bimodal 
for the remainder of the reaction Figure 2.22). 
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Figure 2.22: Grain size range (in vol%) for each sample over time for basalt 200⁰C low-CO2 
treatment.  
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Dunite Rock Type 
 The dunite rock type had an initial D50 of 121.5 µm. The final grain sizes were 
14.38, 75.79, 34.12, and 88.94 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, low-
CO2, and 200⁰C, low-CO2treatments respectively. The D50 grain size increased within the 
first hour for each treatment. Grain size was inconsistent across treatments and over the 
extent of reaction. The 200⁰C, high-CO2 treatment was the only reaction that saw an increase 
in average grain size from 168 to 336 hours (Figure 2.20).  
 The 200⁰C, low-CO2 treatment resulted in the highest solid carbonate sequestered 
within an individual sample. The 336 hourr sample is 6.589% carbonate material. The D50 
for this treatment decreases overall throughout the reaction, increases slightly from 96 to 168 
hours before continuing to decline over the final 168 hours. The grain size distribution of 
each sample is unimodal through the 96 hour sample and becomes bimodal for the remainder 
of the reaction with a relatively large concentration of grains within the higher grain sizes 
(Figure 2.23). These large grains could represent agglomerated grains created by the 
carbonation process or carbonate precipitation on the exterior of ultramafic grains, thus 
increasing their size.  
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Figure 2.23: Grain size range (in vol%) for each sample over time for dunite 200⁰C low-CO2 
treatment. 
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Websterite Rock Type 
 The websterite rock type had an initial D50 of 120.0 µm. The final grain sizes were 
12.93, 130.59, 31.81, and 222.0 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, low-
CO2, and 200⁰C, low-CO2treatments respectively. The D50 increases over the first 1 to 24 
hours for each treatment. Under both 200⁰C treatments, the grain size declines over time 
until increasing above the initial D50 grain size between the final two samples. The 200⁰C, 
high-CO2treatment finished with a D50 10.59 µm greater than initial and the 200⁰C, low-CO2 
treatment finished with a D50 102.01 µm greater than initial (Figure 2.20). 
 The 200⁰C, low-CO2 treatment resulted in the highest solid carbonate sequestered 
within an individual sample. The 168 hour sample was 12.538% carbonate material. The D50 
for this treatment decreases from 1 to 96 hours before increasing to nearly double the original 
D50 by the end. The grain size distribution is unimodal for the first 48 hours before 
progressing to a bimodal distribution for the remainder of the reaction. The peak representing 
the larger grain sizes in the 336 hour sample is larger than the peak representing the smaller 
grain sizes, leading to the higher overall D50 (Figure 2.24). 
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Figure 2.24: Grain size range (in vol%) for each sample over time for the websterite 200⁰C 
low-CO2 treatment. 
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Serpentinite Rock Type 
 The serpentinite rock type had an initial D50 of 110.0 µm. The final grain sizes were 
62.79, 36.87, 176.78, and 170.75 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, 
LCO2, and 200⁰C, low-CO2treatments respectively. The D50 decreased over the first 6 hours 
for each treatment. The D50 then increased for the 25⁰C, low-CO2and 200⁰C, high-
CO2treatments while continuing to decrease in the other treatments. The D50 decreased for 
all treatments by the end of the reaction, except for the 200⁰C, low-CO2, which nearly 
tripled. The low-CO2 treatments both resulted in final D50 values higher than the starting 
D50 (Figure 2.20). 
 The 25⁰C, low-CO2treatment resulted in the highest solid carbonate sequestered. The 
336 hour sample was 23.736 % carbonate material. The grain size distribution is unimodal up 
to the 96 hour sample, where it becomes bimodal. The peak representing the larger grain size 
makes up a significant portion of the curve, which explains the increase in D50 at this time 
point. The final sample has a slight bimodal distribution, with a very small peak in the lower 
grain size range. The majority of the distribution is represented by a large peak in the higher 
grain size range. Despite having a wider range of grain sizes, the grain size density is focused 
in the range < 300 µm (Figure 2.25). 
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Figure 2.25: Grain size range (in vol%) for each sample over time for the serpentinite 25⁰C 
low-CO2 treatment.  
 
DP Peridotite Rock Type 
 The DP peridotite rock type had an initial D50 of 103.75 µm. The final grain sizes 
were 138.14, 61.018, 90.162, and 83.032 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 
25⁰C, low-CO2, and 200⁰C, low-CO2treatments respectively. The D50 decreased until the 96 
hour sample for each treatment and then increased at the end of the reaction for each 
treatment (Figure 2.20). The final grain averages may not be entirely accurate for this rock 
type. The 25⁰C, high-CO2, 336 hour sample has grains in the range from 1041 to 2000 µm 
(Figure 2.26). This is likely an analytical error. This ‘tail’ was not replicated in other similar 
samples when they were reanalyzed. The final D50 of the 25⁰C, high-CO2treatment is 
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considerably greater than the starting D50 when no recalculation of the final sample is 
considered. Recalculating the D50 for the 25⁰C, high-CO2 treatment without the ‘tail’ results 
in a more reasonable final D50 of 73.41 µm. 
 The 200⁰C, low-CO2treatment resulted in the highest solid carbonate sequestered. 
The 336 hour sample was 19.051% carbonate material. The grain size distribution is 
unimodal up in the 6 hour sample and becomes bimodal for the remainder of the reaction. 
The 96 hour samples has a very minor larger grains size component, while there is a large 
peak in the larger grain size range for the 336 hour sample. Despite the large grain size peak, 
the smaller grain size peak still approaches 2%, which prevents the D50 from being much 
higher (Figure 2.27). 
 
 
 
 
83 
 
Figure 2.26: Grain size range (in vol%) for each sample over time for DP peridotite 25⁰C, 
low-CO2 treatment. 
  
Figure 2.27: Grain size range (in vol%) for each sample over time for DP peridotite 200⁰C, 
low-CO2 treatment. 
 
CS Peridotite Rock Type 
 The CS peridotite rock type had an initial D50 of 116.55 µm. The final grain sizes 
were 23.23, 30.09, 73.66, and 231.4 µm for the 25⁰C, high-CO2, 200⁰C, high-CO2, 25⁰C, 
low-CO2, and 200⁰C, low-CO2treatments respectively. The 200⁰C, high-CO2and 25⁰C, low-
CO2treatments do not experience significant changes in D50 between the 96 and 336 hour 
samples . The 25⁰C, high-CO2declines steadily over the extent of reaction and the 200⁰C, 
low-CO2 treatment increases steadily over the extent of the reaction (Figure 2.20). The 96 
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hour sample for the 200⁰C, low-CO2 treatment displays a large ‘tail,’ similar to that seen in 
the DP peridotite sample. Removing these values and recalculating the D50 results in a grain 
size of 56.01 µm, but does not alter the final results of the reaction. 
 The 200⁰C, high-CO2treatment resulted in the highest solid carbonate sequestered. 
The 336 hour sample was 18.23% carbonate material. The grain size distribution for this 
sample is much more complex than those for other rock types. Like all other rock types, the 
starting material has a unimodal distribution. The distribution becomes polymodal for the 
remainder of the reaction (Figure 2.28). This complex distribution suggests that the CS 
peridotite is significantly less durable than the other rock types and/or may contain a greater 
concentration of clays. Either assumption could lead to this distribution. The result is similar 
for all CS peridotite treatments. 
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Figure 2.28: Grain size range (in vol%) for each sample over time for CS Peridotite 200⁰C 
high-CO2 treatment.  
 
Treatment Comparisons 
 Averaging the 6, 96, and 336 hour samples for all rock types within each treatment 
can provide an indication of how the treatments compare overall (Figure 2.29) . It is readily 
apparent that the low-CO2 treatments result in higher average D50 grain sizes than the high-
CO2 treatments. 200⁰C reactions result in higher D50 grain sizes relative to their similar CO2 
counterpart. The final trend displayed shows opposite trends for the temperatures within CO2 
treatments after 96 hours. For both CO2 treatments, the 200⁰C treatment has a lower D50 
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grain size than the 25⁰C treatment at the 96 hour time point, but has a higher D50 grain size 
by the end of the reaction.  
 
 
Figure 2.29: The averaged D50 grain sizes for all for all rock types across treatments at 
sample times of 6, 96, and 336 hours.  
 
 Grain size can be a good indicator of the reaction progress of the carbon sequestration 
system. In these reactions there are a wide range of results, from the constant and consistent 
reductions in grain size that would be expected from simple physical weathering, to increases 
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and decreases within a single reaction, to overall increases in grain size that might be 
expected if precipitation were occurring during a reaction.  
 Aside from a few outliers, the 25⁰C treatments tend towards a progressively reduced 
grain size over time. The 200⁰C treatments are wide spread and show little in the way of 
consistent trends (Figure 2.22). The CO2 treatment also does not appear to control grain size 
trends other than relative to each other, with low-CO2 tending towards higher grain sizes than 
high-CO2 treatments (Figures 2.29). 
 Rock type appears to be the major controlling factor for grain size trends, as opposed 
to temperature or CO2 treatment. This is expected, because hardness, mineralogy, and 
chemical reactivity will significantly affect the grain size distribution under any temperature 
and CO2 treatment.  
 The two most likely causes of grain size changes that are not simple reductions over 
time are grain flocculation during analysis and carbonate precipitation. Grain flocculation is 
occurs when clay-sized grains adhere to each other within a fluid and create what appears to 
be a larger grain. A deflocculation agent that is added to a sample during analysis would be 
advisable for any future grain size analyses of carbon sequestration samples such as these.  
 Precipitation could increase the average grain size of a sample in two ways: 
precipitation on grain surfaces and cementation of individual grains into larger agglomerated 
grains. Grain surface precipitation was not observed in the subsequent SEM analyses of 
grains, but that does not preclude its existence, due to the preparation method used to prepare 
the grains (i.e. grinding of epoxied grains). Production of agglomerated grains via 
cementation of smaller grains together, on the other hand, was observed during SEM analysis 
and will be covered later in the chapter.  
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 Within sample grain size distributions followed a fairly consistent trend for most rock 
types and treatments. All rock types, except the intermediate, started with unimodal 
distributions with D50 grain sizes around 100 µm. The intermediate rock type has a very 
slight bimodal distribution in the source material, but becomes unimodal after the first hour 
of reaction. Grain size distributions tend towards bimodal distributions as the reactions 
progress. 
 The main exception to this trend is the CS peridotite. This rock type begins with a 
unimodal distribution, but quickly progresses to a polymodal distribution with up to four 
measurable peaks within the distribution. Two possible explanations for these complex 
distributions are based on the resistance of the CS peridotite to weathering.  
 An overall lower resistance to weathering could lead to higher clay production within 
the samples. This clay could cause flocculation of the grains while they are being analyzed, 
resulting in inconsistent grain size distributions.  
 Heterogeneity within the grains could also cause the distributions expressed by the 
CS peridotite. A range of hardness distributions within the grains could result in inconsistent 
weathering and, thus, multiple grain size distributions within individual samples.  
 
SEM-EDS 
 SEM-EDS analyses were performed on 4-6 grains for the source materials and select 
reacted material. SEM images were taken for each grain and mineral chemistry for each grain 
was determined using SEM-EDS. The relative atomic weight percent (At%) of various major 
elements (e.g. Mg, Si, Ca) was determined for specific sites on each grain using the attached 
electron dispersive x-ray (EDS) system. These were standardless calculations. The At% 
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values were then used to calculate a Mg/Si ratio for each probe point as well as average 
Mg/Si ratios.  
 Two Mg/Si ratio averages have been computed for each source material (Table 2.1). 
The overall Mg/Si ratios include all probe points from each grain. The Select Average 
excludes points with a Mg/Si ratio greater than 2.0. Ratios greater than 0.75 were used as the 
upper limit for the intermediate rock type due to the higher overall Si content from accessory 
silicate minerals. These elevated Mg/Si ratios may be considered indicators of original 
MgCO3 content within the source rocks. Excluding these points results in a Mg/Si ratio that 
represents unreacted ultramafic material within the source rocks. 
 An average of all Mg/Si ratios has been calculated for reacted material. Comparing 
this average to the Select Points average from the source materials indicates how the relative 
concentrations of the two elements have changed within the materials as a result of the 
reactor experiments. An increase in the Mg/Si ratio could indicate the presence of newly 
precipitated MgCO3.  
 
Source Materials 
 
Table 2.1: Select points and all points Mg/Si ratios for each rock type. 
Rock Type 
Select Points 
Mg/Si Ratio 
All Points 
Mg/Si Ratio 
Intermediate 0.415 0.482 
Basalt 1.785 2.509 
Dunite 0.662 0.713 
Websterite 1.399 1.405 
Serpentinite 1.426 1.426 
DP Peridotite 1.253 1.261 
CS Peridotite 1.124 3.172 
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 The exclusion threshold for the intermediate rock type source material is lower (0.75) 
than all other rock types, due to the presence of accessory silicate minerals within this rock 
type. This lower Mg/Si ratio limit still results in only a 0.067 difference between the Select 
Points average and the overall average (Table 2.1). Grain 2 of the intermediate source 
material has a distinctly bimodal distribution. The dark portion of the grain contains small 
portions of light material and the lighter portion of the grain contains small portions of dark 
material (Figure 2.30). The EDS maps of grain 2 show a lack of Mg in the darker portions of 
the grain and reduced Si content in the lighter portions. This suggests the darker portions of 
the grain may be an accessory silicate mineral.  
 The basalt source material has the second highest difference between the Select 
Points ratio and All Points ratio (0.724), suggesting it may have the second highest amount of 
original MgCO3 conentent. Eighteen points were analysed on basalt source grain 4 (Figure 
2.31). The grain has a mostly solid texture, with some mottling. The upper portion of the 
grain has a agglomerated texture. The EDS maps (Mg, Si) display portions of the grain where 
Mg is present in higher concentrations than that of Si.  
 The Mg/Si ratios for grain 4 of the dunite source material range from 0.369 to 0.459 
with an average of 0.389 (Table 2.1). No probe points were excluded in the select points 
average (Appendix A). The grain has a bimodal physical structure (Figure 2.32). It is 
separated into distinct dark and light portions. The dark portions of grain 4 (points 1, 2, and 
4) contained no measureable Mg, with all Mg being present within the light portions.  
 The voids in the Mg EDS map and the brighter portions in the Si EDS map confirm 
the lack of Mg for these areas. The remaining points have Mg concentrations about 1/3 of Si, 
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which is lower than would be expected for a rock containing a high concentration of 
ultramafic minerals.  
 The averages for the grains range from 1.250 to 1.548 and have an overall average of 
1.405 (Appendix A) The Mg/Si ratios from grain 2 of the websterite source material (Figure 
2.33) range from 1.408 to 1.796 and have an average of 1.499. No points were excluded from 
the targeted average, making it identical to the overall average.  
 The SEM micrograph and EDS maps of grain 2 (Figure 2.33) from the websterite 
source material display little physical variation. There are some slightly lighter portions and 
one linear section that is noticeably lighter within the grain. This noticeably lighter portion is 
the only area analyzed that appears to have an elevated Mg concentration relative to the Si 
concentration within the EDS maps. Point 4 has the only noticeably larger Mg/Si ratio and 
coincides with the brighter portion of Mg EDS map. 
 The select points averages for the DP peridotite source material range from 0.785 to 
1.481, with a total average of 1.202. The overall averages range from 0.785 to 1.719, with a 
total average of 1.262 (Table 2.1). The Mg/Si ratios for grain 5 of the DP peridotite source 
material range from 1.338 to 2.051 (Appendix A).  
 The SEM micrograph of grain 5 from the DP peridotite source material has a bimodal 
physical structure (Figure 2.34). The grain is separated into lighter and darker portions with 
discrete boundaries. The Mg EDS map indicates high concentrations of Mg within the lighter 
portions of the grain, while the Si EDS map displays no obvious variation in Si concentration 
throughout the grain. All points excluded from the select average (Appendix A) are located 
within the lighter portions of the SEM micrograph and the brighter portions of the Mg EDS 
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map. These areas may represent original MgCO3 material within the DP Peridotite source 
material.  
 The CS peridotite source material has the highest overall Mg/Si ratio of all source 
material (3.172). The 2.048 different between the select points and overall averages of the CS 
peridotite source material is also the highest of any of the analyzed rock types (Table 2.1). 
This suggests there is a large concentration of original MgCO3 in the CS peridotite source 
material. 
 The Mg/Si ratios for grain 5 of the CS peridotite source material range from 1.273 to 
20.95 (Appendix A). This material has a varied morphology (Figure 2.35). The majority of 
the grain appears solid, with the upper portion and part of the lower portion displaying a 
conglomeratic structure. Running through the middle of the grain is a darker portion with a 
rougher texture than the surrounding solid material. The probes with the highest Mg/Si ratios 
(3 and 4) fall within this portion of the grain, suggesting that this texture represents original 
MgCO3. The bright portions of the grain have high concentrations of metals, such as Fe.  
 No Mg/Si ratios in the serpentinite source material exceeded 2.0, resulting in an 
average ratio of 1.436 (Table 2.1). The SEM micrograph for the serpentinite source material 
displays two grains (Figure 2.36). Grain 5 (points 1-4) has an overall homogeneous 
morphology, aside from the bright portions representing areas of high Fe concentration. 
Grain 6 (points 5-7) has a mottled texture. The Mg and Si EDS maps show no obvious 
variation in Mg and Si concentrations, aside from voids caused by the high Fe concentration. 
The lack of variation in Mg/Si ratios suggests that the MgCO3 present within the serpentinite 
source material was not captured by the SEM analyses.  
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Figure 2.30: SEM micrograph and EDS maps of grain 2 of the intermediate source material.  
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Figure 2.31: SEM micrograph and EDS maps of grain 4 of the basalt source material.  
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Figure 2.32: SEM micrograph and Mg, Si EDS maps of grain 4 of the dunite source material.  
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Figure 2.33: SEM micrograph and EDS maps of grain 2 of the websterite source material. 
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Figure 2.34: SEM micrograph and EDS maps of grain 5 of the DP peridotite source material. 
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Figure 2.35: SEM micrograph of grain 5 from CS peridotite source material. 
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Figure 2.36: SEM micrograph and EDS maps from grains 5 and 6 of the serpentinite source 
material. 
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Reacted Samples 
 The average value of all SEM-EDS probe Mg/Si ratios for select reacted material has 
been calculated. This average has been compared to the select average calculated from the 
source material to determine the percent change in Mg/Si ratio between the source and 
reacted materials. These results do not characterize the full reaction process but give insight 
into how the carbonation process may be taking place on a micron scale for the various 
reactive materials.  
 
Table 2.2: Average Mg/Si ratio for select reacted grains and the percent difference from the 
rock type source material. 
Sample 
Average 
Mg/Si Ratio 
Percent Change 
From Source 
Basalt 200 C High CO2 
168hr Grain 2 
1.326 -28% 
Dunite 200 C Low CO2 
336hr Grain 2 
0.538 -19% 
Websterite 200 C Low 
CO2 168hr Grain 3 
1.729 24% 
Serpentinite 200C Low 
CO2 336hr Grain 2 
3.542 148% 
Serpentinite 200C Low 
CO2 336hr Grain 7 
4.009 181% 
DP Peridotite 25 C Low 
CO2 6hr Grain 1 
3.073 145% 
DP Peridotite 25 C Low 
CO2 6hr Grain 5 
3.592 187% 
CS Peridotite 25C High 
CO2 336hr Grains 2 and 3 
1.456 30% 
CS Peridotite 25C High 
CO2 336hr Grains 6 
1.774 58% 
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 The average Mg/Si ratio for the basalt 200⁰C high-CO2168 hour sample grain is 1.326 
and is 28% lower than the select average from the source material (Table 2.2, Appendix A). 
The grain has a homogeneous color and texture (Figure 2.37). The lower Mg/Si ratio 
indicates that there has been no MgCO3 precipitation within this grain. The fractured 
structure within the grain is a result of grinding pressure during sample preparation.  
 The EDS map in Figure 2.38 shows the presence of many small grains forming a 
larger agglomerate grain. These agglomerates are not present within the source material and 
therefore have formed during the reaction. The EDS maps indicate large concentrations of Si 
throughout the agglomerate grain with Mg concentrated mostly within specific grains. 
 The basalt 200⁰C high-CO2 168 hour sample has 16.97% carbonate material 
according to the LOA analysis, but there are no indications within the grains analyzed with 
the SEM-EDS system that there has been production of solid MgCO3 within the first 168 
hours of the reaction. Carbonate material may have precipitated on the surfaces of the grains 
and is not visible in cross section on the SEM or a grain with solid carbonate was not 
captured within this SEM sample. The carbonate material may also be present within the 
matrix of the agglomerate grain in Figure 2.38, but masked by silicate also present within the 
matrix.  
 The average Mg/Si ratio for the 200⁰C low-CO2 336 hour dunite grain is 0.538 and is 
19% less than the select average from the source material (Table 2.2). Three points in this 
grain exceed the source material average and could indicate carbonate material that has 
precipitated during reaction (Appendix A). 
 The reacted dunite grain (Figure 2.39) has a light, mostly homogeneous texture, 
except for three sections of slightly darker material. Three probes are located within the 
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darker material and correspond with the three elevated Mg/Si ratios for this grain. While the 
overall Mg/Si ratio for this grain was less than the source material average, there is a 
substantial portion that has a Mg/Si ratio higher than the source average. This suggests that 
these darker areas are possible sites of new MgCO3 precipitation within the grain.  
 The average Mg/Si ratio for the 200⁰C low-CO2 168 hour websterite grain is 1.729 
and is 23.6% greater than the select average from the source material (Table 2.2). Every 
analyzed point on the grain exceeds the source material average (Appendix A).  
 The websterite 200⁰C low-CO2 168 hour grain has a complex morphology (Figure 
2.40). The central portion is solid and light in color. the lower portion is solid and slightly 
darker than the central portion. The upper edges of the grain have a coarse texture. The 
Mg/Si ratios for probe points 1 and 6 are both less than all ratios of the central portion 
(Appendix A). These differences in texture and Mg/Si ratios suggest that this grain may 
represent dissolution of grain boundaries during reaction as opposed to precipitation of 
additional MgCO3 creating higher Mg/Si ratios in the interior.  
 The average Mg/Si ratio for the 25⁰C low-CO2 6 hour DP peridotite grain is 3.073 
and is 145% higher than the select average from the source material (Figure 2.41, Table 2.2). 
All measureable Mg/Si ratios in this grain are higher than the targeted source average 
(Appendix A). 
 The grain has a very complex structure. The grain is primarily dark in colorwith 
progressive lightening in some areas. The Mg EDS map displays no obvious variation in Mg 
concentration across the grain. The Si EDS map shows areas of reduced Si concentration in 
the lower portions of the grain, which coincide with the ligher portion of the grain. These 
ligher portions also coincide with the higher Mg/Si ratios in the grain (Appendix A). It 
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appears that the ligher portions of this grain represent possible carbonation fronts within the 
grain.  
 The average Mg/Si ratio for the 25⁰C low-CO2 6 hour DP peridotite grain in Figure 
2.42 is 3.592 and is 187% higher than the select average from the source material (Table 2.2). 
Points 1 through 10 are all higher than the source material average (Appendix A). Probe 
points 11 and 12 were 26.90 and 32.07 At% Mg respectively and had no measureable Si, 
suggesting this may be solid MgCO3. 
 The grain has three primary morphologies. The upper portion of the grain (points 6 
and 7) is light in color and appears to be a grain of it’s own that has been encompased by the 
rest of the grain at some point in time. The bottom portion of the grain is darker in color with 
a few faintly lighter regions. The central portion of the grain has bright white zones of 
varying intensity and shape. These white regions represent the highest Mg/Si ratios within 
the grain (Appendix A). This is possibly precipitated MgCO3 that has cemented the lighter, 
upper portion of the grain to the darker, lower portion of the grain.  
 The average Mg/Si ratio for the 25⁰C high-CO2336 hour CS peridotite grain is 1.456 
and is 30% higher than the select average from the source material (Table 2.2). Only two 
points (6 and 10) have Mg/Si ratios lower than the CS peridotite source average (Appendix 
A). 
 The grains from the reacted CS peridotite sample (Figure 2.43) are agglomerates 
made of significantly smaller grains and a matrix. All probe points are located on individual 
grains within the larger agglomerate grains. The majority of grains analyzed have 
homogeneous textures. Points 6 and 7 are located on the same grain, but have different Mg/Si 
ratios. Point 6 is on the darker portion of the grain and has a Mg/Si ratio of 1.455. Point 7 is 
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located on the lighter portion of the grain and has a ratio of 0.568, but point 7 has an 
additional 6.47 At% Ca. Point 10 is located on a light grain and has a Mg/Si ratio of 0.542, 
but also had measureable Ca (7.01 At%). This may suggest that these lighter grains contain a 
small measure of CaCO3 precipitate.  
 The average Mg/Si ratio for the25⁰C high-CO26 hour grain in Figure 2.44 is 1.774 
and is 58% higher than the select average from the source material (Table 2.2). All points 
have higher Mg/Si ratios than the source material average. Points 3 and 4 have 47.18 47.40 
At% Mg respectively and contained no measureable Si (Appendix A).  
 The 25⁰C high-CO26 hour reacted grain (Figure 2.44) has two distinct morphologies. 
The upper and lower portions have a light, homogeneous texture. There is a central portion 
running through the grain that has a darker, rough morphology. The morphology of this grain 
is similar to the CS peridotite source grain in Figure 2.34. The exterior edges of the rough 
portion of the grain appear to have dissolution textures. This suggests that this grain does not 
represent new precipitation, but dissolution of MgCO3 material originally present within the 
source material. 
 The average Mg/Si ratio for the 200⁰C low-CO2 336 hour serpentinite grain is 3.542 
and is 148% higher than the select average from the source material (Table 2.2). Four of the 
ten analyzed points have a higher Mg/Si ratio than the source material. Points 5 and 6 
contained no measureable Mg or Si, but were 50 At% Ca. Probe point 9 also contained 9.51 
At% Ca. This indicates that six of the ten points may be measuring elevated carbonate 
content within the grain. 
 The 200⁰C low-CO2 336 hour reacted grain (Figure 2.45) has three primary textures. 
The main mass of the grain has a light and solid texture. The central portion of the grain is 
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solid white and runs laterally across the entire grain. The third texture consists of white 
portions of various densities spread throughout the grain. The three EDS maps display the 
distributions of Mg, Si, and Ca within the grain. The light, solid textured portion of the grain 
represents the Si rich portion of the grain and the solid white portion is almost exclusively 
Ca. The remaining white portions of the grain are high in Mg and low in Si. 
 The average Mg/Si ratio for the 200⁰C low-CO2 336 hour grain in Figure 2.46 is 
4.009 and is 181% higher than the select average from the source material (Table 2.2). The 
200⁰C low-CO2 336 hour reacted serpentinite grain in Figure 2.46 has an alternating 
morphology. The grain alternates from a solid, light texture to a solid dark texture throughout 
the grain. The Mg EDS map is consistent throughout the grain, with no obvious variation in 
concentration. The Si EDS map, on the other hand, has large voids that coincide with the 
lighter portions of the grain in the SEM micrograph. These lighter portions also coincide with 
the high Mg/Si ratios (Appendix A). The Mg/Si ratios and EDS maps appear to indicate that 
this grain has experienced significant MgCO3 precipitation during reaction.  
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Figure 2.37: SEM micrograph of grain 2 from the basalt 200⁰C high-CO2168 hour material. 
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Figure 2.38: SEM micrograph and EDS maps for Mg and Si of an agglomerated grain in the 
basalt 200⁰C high-CO2168 hour material.  
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Figure 2.39: SEM micrograph of grain 2 from dunite 200⁰C low-CO2 336 hour material.  
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Figure 2.40: SEM micrograph of grain 3 from websterite 200⁰C low-CO2 168 hour material. 
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Figure 2.41: SEM micrograph and EDS maps of grain 1 from DP peridotite 25⁰C low-CO2 6 
hour material. 
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Figure 2.42: SEM micrograph of a grain 5 from DP peridotite 25⁰C low-CO2 6 hour material. 
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Figure 2.43: SEM micrograph of grains 2 and 3 from CS peridotite 25⁰C high-CO2 336 hour 
material. 
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Figure 2.44: SEM micrograph and EDS maps of grain 6 from the CS peridotite 25⁰C high-
CO2 6 hour reacted material. 
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Figure 2.45: SEM micrograph and EDS maps of grain 2 from serpentinite 200⁰C low-CO2 
336 hour material. 
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Figure 2.46: SEM micrograph and EDS maps of grain 7 from serpentinite 200⁰C low-CO2 
336 hour material. 
Carbonate from SEM-EDS 
 The SEM-EDS analyses provide important insight into carbonate precipitation on a 
micron scale during these reactions. It is apparent that from the LOI/LOA results that the 
source rocks for these reactions can contain a significant concentration of carbonate, which is 
confirmed by the SEM-EDS results. While carbonate was not readily apparent in some 
source rocks, such as the dunite material (Figure 2.32), it was easy to identify in others, such 
as the CS peridotite material (Figure 2.35). 
 The Mg/Si ratios found in these grains can be seen as a measure of the concentration 
of ultramafic minerals relative to Mg carbonate minerals. Two processes will increase Mg/Si 
ratio within the grains: precipitation of additional MgCO3 minerals on the surfaces and 
within grains and replacement of Si-bearing minerals with MgCO3 minerals. Two additional 
processes could reduce the Mg/Si ratio within the grains: dissolution of MgCO3 present 
within the starting material and leaching of Mg from the grains during the reaction process.  
 The SEM-EDS analyses of dunite, DP peridotite, and serpentinite show potential 
evidence of either new carbonate precipitation or replacement of original ultramafic 
materials. The dunite 200⁰C low-CO2 336 hour sample displays potential precipitation or 
replacement of ultramafic material to about one quarter of the grain analyzed (Figure 2.33).  
 Two grains from the DP peridotite 25⁰C low-CO2 6 hour sample show definite signs 
of increased Mg concentration within their structures (Figures 2.35 and 2.36). Figure 2.35 
displays multiple zones of replacement of ultramafic material with Mg carbonate within its 
structure. This replacement appears to have occurred along various horizons within the grain 
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that may be result of fluid infiltration. The second grain from the DP peridotite 25⁰C low-
CO2 6 hour sample shows evidence of possible cementation of two grains together by 
MgCO3 precipitation between the grains (Figure 2.36). The serpentinite 200⁰C low-CO2 336 
hour sample displays multiple examples of both MgCO3 and CaCO3 precipitation as a result 
of the reactor experiments. The grain in Figure 2.39 shows likely signs of fluid infiltration 
and carbonate precipitation within numerous fractures as well as possible replacement 
horizons. A large fracture within the grain displays signs of dissolution of the surrounding 
ultramafic material and precipitation of CaCO3 within the void. A second grain from this 
serpentinite sample (Figure 2.40) exhibits multiple, large zones of MgCO3 replacement 
within the grain.  
 While these examples of carbonate precipitation and replacement cannot be seen in 
every rock type, even on the micron scale, it is still likely that the same processes are 
occurring within these reactions. The LOI/LOA results confirm significant concentrations of 
carbonates within these solid material used in the reactions. These results, combined with the 
examples of precipitation within some of the samples suggest that the remaining rock types, 
despite not displaying obvious evidence in the limited SEM survey done here, do contain 
these precipitates within their grain structures or on their grain surfaces.  
 
Conclusions 
 The two peridotite rock types (CS, DP) performed the best in the most pertinent 
categories (TA, pH, TDS, Total CO2 Sequestered) for the majority of reactions, which is 
expected due to the high concentration of olivine within these rocks. The most encouraging 
outcome from these reactions indicates that the serpentinite and basalt performed nearly as 
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well as the peridotites, suggesting that there is great potential for MAP sequestration via 
these more widespread and easily mined rock types. The dunite and websterite performed 
moderately well, but generally not up to the levels of the peridotites, basalt, and serpentinite. 
The intermediate rock type displayed the least MAP potential, which was expected because it 
lacks the high concentration of olivine minerals found in mafic and ultramafic rocks. Though 
the results for the intermediate rock were low, they do suggest that it could hold potential for 
long term in situ sequestration.  
 The LOI/LOA, SEM, and grain size analyses provided some surprising results. Solid 
carbonate content was expected to increase over time as precipitated rims on grain surfaces 
and overall grain size was expected to decline. Carbonate rims, if present, were not thick 
enough to be seen under the SEM method used. Grain size did decline over time for some 
rock types (intermediate rock and basalt), but was inconsistent for the remainder of the rock 
types. Increases in grain size appear to be from two possible causes; flocculation of grains 
during analysis and/or cementation of smaller grains into larger agglomerate grains.  
 The source material contained a larger initial percentage of solid carbonate material 
than expected and was observed dissolving during reaction. This does not indicate a lack of 
new carbonate production, however. While original solid carbonate dissolved over time, the 
total solid carbonate within the samples did not decrease to a significant degree, suggesting 
that new solid carbonate was replacing it. Many reacted grains show signs of magnesium 
carbonate replacing silicates or filling void spaces within grains. It is also possible that 
carbonate is a part of the cement that has created the large agglomerate grains we see in the 
SEM-EDS analyses.  
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 The majority of analyses completed previously on potential MAP reaction products 
indicate fairly smooth changes in conditions over time (Kelemen and Matter, 2008). The 
results of these three phase batch reactions run on seven natural metamorphic and igneous 
rock types are quite diverse across variable, rock type, and condition and fluctuate regularly 
over time. Additionally, some of the results (LOI/LOA, SEM, grain size) were quite different 
from what was expected. All of these results indicate that these MAP reactions are 
significantly more complicated than we have seen previously and warrant additional 
investigation to determine the most efficient rock type and condition usage.  
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CHAPTER 3: CARBONATE EVOLUTION WITHIN A NATURAL ULTRAMAFIC 
CO2 SEQUESTRATION SYSTEM  
 
Introduction 
 Anthropogenic CO2 driven global climate change is predicted to cause a great number 
of impacts in both terrestrial and marine systems. These include increased sea surface 
temperatures (Solomon, 2007), ocean acidification (Feely et al., 2004, Kleypas et al., 2006, 
Ries et al., 2009), increased storm frequency and intensity (Emanuel, 2005), increased river 
flooding (Christensen and Christensen, 2003), more intense droughts (Sheffield and Wood, 
2008), melting of polar ice caps (Shi and Liu, 2000), rising sea level (Solomon, 2007), and 
changing ocean circulation patterns (Toggweiler and Russell, 2008).  
 Strategies proposed to combat the predicted rise in anthropogenic CO2 include the 
taxation of carbon emissions, limiting carbon emissions through cap and trade legislation, 
mandating increased efficiencies for automobiles and other fossil-fuel powered devices 
(Leduc et al., 2003), development and use of more renewable energy sources such as solar, 
wind, and hydroelectric power (Turner, 1999), terrestrial carbon sequestration (Post and 
Kwon, 2000), deep sea carbon storage (Fujioka et al., 1995), basinal brine carbon storage 
(Bachu, 2000), and geological carbon capture and storage (CCS) (Gibbins and Chalmers, 
2008) and mineralization via aqueous precipitation (Seifritz, 1990).  
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 Early in Earth history, atmospheric pCO2 was very high, in excess of 10x modern 
levels (Morse and Mackenzie, 1998). Atmospheric pCO2 is thought to be controlled by the 
carbonate-scilicate cycle (Kasting, 2008), which is the production of carbonate material 
through the process suggested by Seifritz (1990). This mineralization via aqueous 
precipitation (MAP) reaction continues to occur naturally in ultramafic rocks, such as 
ophiolites, throughout the globe.  
Historically, ophiolite deposits have been exploited for mineral resources such as 
asbestos or chromite. While some ophiolites are still mined for these resources, many no 
longer serve any economical purpose. One potential economic use could be as sequestration 
sites for anthropogenic CO2, by taking advantage of the MAP process.  
The MAP process sequesters anthropogenic CO2 as solid carbonate minerals via 
reaction with naturally occurring and globally abundant ultramafic and mafic rocks, such as 
peridotites, serpentinites, and basalts (Seifritz, 1990). Reaction of anthropogenic CO2 and 
fluids with highly alkaline silicate minerals within ultramafic and mafic rocks increases the 
alkalinity, pH, and concentration of divalent cations (Ca2+, Mg2+, Fe2+), which causes the 
anthropogenic CO2 to precipitate as solid carbonate phases such as Ca-, Mg-, and FeCO3. 
MAP therefore confers the advantage of locking anthropogenic CO2 in a solid mineral phase 
that will be stable under atmospheric conditions over geologic timescales, unlike 
conventional methods such as geological CCS, which has the potential for re-releasing 
sequestered CO2 to the atmosphere. Carbonate minerals already comprise 30% of 
sedimentary rocks on the Earth’s surface and are the Earth’s largest sink of atmospheric CO2 
by several orders of magnitude (Boggs Jr., 1995). The Semail Ophiolite, in Oman, is 
estimated to sequester ~104 to 105 tons of atmospheric CO2 naturally each year through 
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natural MAP (Kelemen and Matter, 2008) 
Ex-situ application of MAP requires the ultramafic and mafic rock to be mined, 
crushed and reacted with water to captured CO2. The advantage to this process is that it can 
be applied at the site of CO2 production and maximizes the surface area of the reactant. The 
drawback is the energy offset of the mining and processing procedures. Current estimated 
costs of processing and reaction of relevant ultramafic deposits are not yet cost efficient 
enough to warrant application of ex-situ MAP for industrial scale CO2 sequestration 
(O’Connor, 2004).  
 In-situ CO2 injection could offer a more cost efficient use of MAP for sequestration. 
Instead of mining and processing the ultramafic rock, injection of water with dissolved CO2 
could mimic the MAP process that occurs naturally and, unlike CCS, does not require 
compression of CO2 to a supercritical state and a sealed reservoir. Unfortunately, this method 
has its own drawbacks, such as whether or not the precipitation of carbonates minerals within 
the ophiolite will obstruct flow within the groundwater system and negate future 
precipitation. Analysis of elemental and isotopic chemistry of naturally precipitated 
carbonate due to the interaction of a groundwater aquifer and the surrounding ultramafic rock 
can be used to determine whether or not the system has experienced obstructed or diverted 
flow over time.  
 
Geology 
Natural analogues of industrial MAP processes could indicate if subsurface 
obstruction is a true concern with in-situ MAP as a strategy for large-scale carbon 
sequestration. The Del Puerto Ophiolite (DPO), located ~100 km SE of San Francisco within 
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the Coastal Ophiolite in central California, is one such natural analogue (Figure 3.1).  
The DPO (approximately 153-165 Ma) is part of the California Coastal Ophiolite 
complex (Evarts and Schiffman, 1983). Ophiolites are discontinuous bodies of oceanic crust 
that have been obducted onto the continent and preserved instead of being recycled into the 
mantle (Shervais et al., 2004). The DPO consists chiefly of serpentinite, dunite, harzburgite, 
and some pyroxene (Figure 3.1). The DPO has been incised over time and exposed 
extensively within Del Puerto and Adobe Canyons, among others. The sample site for this 
investigation is located on the end of a ridgeline above Adobe Canyon. The DPO is 
surrounded by the Franciscan Formation and the Great Valley Sequence (Himmelburg and 
Coleman, 1968). The hydrology of the area is dominated by surface run-off and spring-fed 
streams (Blank et al., 2009). The reaction of ultramafic minerals with the local groundwater 
has resulted in some springs in the DPO having a pH up to ~12 (Barnes and O’Neil, 1969). 
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Figure 3.1: Geologic map of the DPO and surrounding area (from Himmelburg and Coleman, 
1968). 
 
The combination of ultramafic minerals within the ophiolite and these groundwater-
fed springs has resulted in intermittent deposits of inorganically precipitated carbonate 
minerals throughout the DPO. These precipitates are manifest as hard cements in streams, 
talc deposits within loose, gravelly, surface deposits, and crystalline deposits within fracture 
systems. 
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Methods 
Field Sampling and Analysis  
A large carbonate vein was located on a ridgeline above Adobe Creek, in Adobe 
Canyon. Hand samples were taken to cover the full vertical extent of the vein (Figure 3.2). 
Subsamples were taken from each depositional layer or mass  with an NSK ES-203 low 
speed dental drill with attached 1/16” diamond bit. Each sample was then subdivided for 
elemental and isotopic analyses.   
87Sr/86Sr isotopic analysis was performed using a VG Sector 54 Thermal Ionization 
Mass Spectrometer (TIMS) at the UNC-Chapel Hill Department of Geology. Elemental 
concentrations were measured by ICP-ES at Acme Analytical Laboratories, in Vancouver, 
Canada. 13C and 18O stable isotopes were measured using a ThermoFinnigan GasBench II 
in-line with a Finnigan MAT 253 isotope ratio mass spectrometer at the Keck 
Paleoenvironmental & Environmental Stable Isotope Laboratory at the University of Kansas, 
Department of Geology.   
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Figure 3.2: Picture of DPO carbonate vein showing the approximate sampling area (black 
box). 
 
13C and 18O 
 Stable carbon and oxygen isotopes have many uses in analysis of inorganic 
carbonates, including tracing groundwater flow, determining precipitation conditions and 
fluid composition, estimation of historical climate patterns, modeling rock-water mixing 
models, and others (Andrews, 2005; Boronina et al., 2005; Stuiver, 1970; Zhang et al., 
1994;). In most natural examples of inorganic carbonate systems, when 13C and 18O co-
vary, they do so positively (Degens and Epstein, 1964; Fouke et al., 2000; Quade et al., 1989; 
Andrews et al., 1993). This positive correlation is often the result of changes in temperature 
of the precipitating fluid (Kim and O’Neil, 1997; Wigley et al., 1978). There are many other 
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factors that may concomitantly influence the fractionation of stable carbon and oxygen, 
including precipitation rate, water flux, altitude, latitude, carbonate speciation, and vegetation 
(Kim and O’Neil, 1997; Mook et al., 1974; Wigley et al., 1978). 
 
Principle Component Analysis (PCA) 
 Principal component analysis (PCA) was carried out using the geochemical data that 
all samples contain. This statistical analysis was carried out using the ‘prcomp’ tool in the 
statistics program “R” (http://www.r-project.org/).  
 
Results and Discussion 
Vein carbonate chemostratigraphy 
 Figure 3.3 shows the chemostratigraphic trends of precipitated samples within the 
large carbonate vein found in the DPO. The samples in Figure 3.3 are arranged according to 
predicted order of deposition, with oldest sample at the bottom of the figure and youngest at 
the top of the figure. This does not represent the actual physical location of the sample in the 
vein. The physical morphology of the vein is very inconsistent, varying between thin, fine 
grained layers, thick, course grained layers, and layers with distinct crystal structures. Many 
of the analyzed geochemical and isotopic variables are interrelated. [Ca
2+
] and [Mg
2+
] are 
mostly negatively correlated, while [Ba
2+
] and [Sr
2+
] have a nearly identical trend for most 
samples. The 87Sr/86Sr ratio changes little through the first half of the samples. This ratio then 
changes in a similar fashion to that of the [Ba
2+
] and [Sr
2+
] for the remaining samples. 13C 
ratios increase over time, based on the predicted order of deposition. The first five 18O 
samples increase, but 18O has a decreasing trend for the remaining samples. This decreasing 
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18O trend leads to an inverse trend between 13C and 18O. The colors indicate the primary 
driver of the elemental and isotopic composition of the precipitating fluid of vein material:  
blue for meteoric water, green for ancient marine carbonates, and yellow for ultramafic 
rocks. 
 
 
Figure 3.3: Chemostratigraphic trends of [Ca
2+
], [Mg
2+
], [Ba
2+
], and [Sr
2+
], 87Sr/86Sr isotopic 
ratios, and 13C and 18O stable isotopic ratios. Colors indicate primary driver of 
precipitating fluid chemistry; yellow for ultramafic rock, green for ancient marine carbonate 
rock, and blue for meteoric water.  
 
87Sr/86Sr 
 87Sr/86Sr represents the ratio of 87Sr to 86Sr and is controlled by the decay of 
radiogenic 87Rb to 87Sr. 87Rb is a highly incompatible element and will partition preferentially 
into a melt. This results in depletion of 87Rb within mantel derived materials, such as 
ultramafic rocks, leading to lower 87Sr/86Sr ratios. This also leads to enrichment of 87Rb 
 
 
132 
 
within crustal rocks (Walther, 2009), and higher 87Sr/86Sr ratios. Marine carbonates will have 
relatively higher 87Sr/86Sr ratios, because the 87Sr/86Sr ratio of the seawater from which they 
precipitate is reflective of weathered crustal material. Finally, meteoric waters will also have 
87Sr/86Sr ratios similar to seawaters, because the evaporative process does not change the 
87Sr/86Sr ratio.  
 Terrestrial material has a 87Sr/86Sr ratio of ca. 0.720. The 87Sr/86Sr ratio of sea water is 
ca. 0.709, which is reflected in precipitated marine carbonates, as Sr2+ can easily displace 
other divalent cations (e.g. Ca2+, Mg2+, Fe2+) within the molecular structure of the carbonates. 
Mantle material has a 87Sr/86Sr ratio in the range of 0.7025-0.7065 (Walther, 2009). These 
87Sr/86Sr ratio differences provide a method to indicate controls on the precipitating fluid 
chemistry of the groundwater circulating throughout DPO.  
 
87
Sr/
86
Sr  vs. 1/Sr 
 Figure 3.4 shows 87Sr/86Sr versus 1/[Sr
2+
], indicating some of the possible geologic 
and hydrologic controls on the precipitating fluid for the carbonate samples. [Sr
2+
] can be 
used as an indicator of significant dilution by meteoric water or a precipitating fluid driven 
by subsurface rock:water interactions. A lower [Sr
2+
] (i.e. higher 1/[Sr
2+
]) can be considered 
to be an indication of significant dilution by meteoric water, which would be expected to 
have very little Sr
2+
 relative to any minerals found in the DPO area. Conversely, higher [Sr
2+
] 
(i.e. lower 1/[Sr
2+
]) would indicate interaction with Sr-bearing rock, such as ancient marine 
carbonates or ultramafic rocks found locally. 
 All 87Sr/86Sr ratios are measured to 0.0010% 2-sigma. Therefore, any variation beyond 
0.0000071 can be considered true variation. All samples beyond this variation are assumed to 
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represent a shift in rock:water interaction. Elevated 87Sr/86Sr ratios could indicate two possible 
drivers: dilution by meteoric water (Jones et al., 2011) or a precipitating fluid interacting with 
ancient marine carbonates (Walther, 2009). These higher 87Sr/86Sr ratios are reflective of the 
seawater source for both meteoric water and marine carbonates. Finally, a reduced relative 
87
Sr/
86
Sr ratio could indicate interaction with a Rb-depleted, mantle derived material, such as 
ultramafic rock (Walther, 2009). 
 
   
Figure 3.4: 87Sr/86Sr verses 1/Sr. The arrows indicate the increasing chemical control on the 
precipitating fluid from different rock:water interactions (meteoric water, ultramafic rock, 
and ancient marine carbonate).   
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 Figure 3.4 indicates a 3-end member rock-water mixing system influenced the 
groundwater that this DPO carbonate vein precipitated from, with the arrows indicating 
increased control by the specified factor; meteoric water, ancient marine carbonates, and 
ultramafic rock. Samples that exhibit elevated 1/[Sr2+] and elevated 87Sr/86Sr are indicative of 
greater meteoric input. Samples with reduced 1/[Sr2+] and elevated 87Sr/86Sr indicate greater 
marine carbonate influence, likely located within the neighboring Great Valley Sequence or 
Franciscan Formation. Samples with reduced 1/[Sr2+] and reduced 87Sr/86Sr ratios indicate 
greater geochemical input from local ultramafic rock. 
 
87Sr/86Sr vs. 1/Sr vs. elemental concentrations in vein carbonate 
 Addition of other elemental concentrations to the Figure 3.4 can be used to reinforce 
the prior conclusions. Figure 3.5 applies [Ca2+], [Mg2+], and [Ba2+] to the comparison of 
1/[Sr2+] and 87Sr/86Sr, with relative elemental concentrations indicated by marker size. Colors 
indicate predicted primary geochemical driver from the 3-end member mixing model in 
Figure 3.4 (blue = meteoric water, yellow = ultramafic rock, and green = ancient marine 
carbonate) and are based on the quadrat the point falls within. [Mg2+] (A) is greatest in the 
meteoric water quadrat and comparable in the marine carbonate and ultramafic quadrats. 
[Ca2+] (B) is greatest in samples that fall within the ultramafic and marine carbonate quadrats 
and reduced in the meteoric water quadrat. [Ba2+] (C) is greatest in the marine carbonate 
quadrat and generally insignificant in the meteoric water and ultramafic quadrats.  
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Figure 3.5: 87Sr/86Sr versus 1/Sr versus normalized elemental concentration. The colors 
indicate the three predicted main geochemical controls (blue = meteoric water, yellow = 
ultramafic rock, green = ancient carbonate rock). The data point size indicates the relative 
concentration within each element (Mg, Ca, and Ba). A. shows the normalized [Mg2+] 
concentrations of each sample. B. shows the normalized [Ca2+] concentrations of each 
sample. C. shows the normalized [Ba2+] concentrations of each sample. The dashed lines 
define the quadrants of the three main geochemical controls. The ranges of absolute 
elemental concentrations are listed in the legend. 
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Principle Component Analysis (PCA) 
 PCA is a dimensional reduction technique, creating new axes along lines of 
maximum variance in the multivariate dataset. This effectively combines the behaviors of 
multiple variables into a smaller number of vectors. PCA scores demonstrate variation 
between data points (e.g. samples clustering into separate groups). PCA loadings demonstrate 
variation between characteristics (e.g. CaO and MgO are inversely related). The variables 
used for each sample in the principle component analysis were 87Sr/86Sr, 13C, 18O, [Ca2+], 
[Mg
2+
], [Sr
2+
], and [Ba
2+
]. Variables were scaled to unit variance before running the analysis.
 The points represent scores while the arrows represent loadings.  Since the first 
principal component explains more variance, the horizontal loadings more strongly separate 
the data. Each sample is colored the same way it is in Figure 3.5. Principle components 1 and 
2 cover 73% of the variation in the samples. [Mg
2+
] and [Ca
2+
] weight percent appear to 
control the majority of variation between samples, followed by [Sr
2+
], 87Sr/86Sr, [Ba
2+
], 13C, 
and 18O. The same colors from Figure 3.5 have been applied to sample IDs in Figure 3.6. 
The results do not give any specific insight into the individual samples, but they do group 
together in the same manner as in Figure 3.5, suggesting that these are in fact legitimate 
groupings. 
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Figure 3.6: The principle component analysis of all samples and all geochemical/isotopic 
values. The same colors from Figure 3.5 have been applied to the sample IDs (blue = 
meteoric water, green = ancient marine carbonates, yellow = ultramafic rock).  
 
13C and 18O Stable Isotopes  
A comparison between 18O and [Ca2+], [Mg2+] can be used to reinforce the variation 
between the samples assumed to be controlled by meteoric waters and those dominated by 
subsurface rock:water interaction. Blank et al. (2009) measured the 18O and [Ca2+], [Mg2+] 
of laminated carbonates on a serpentinized clast on the edge of Del Puerto Creek (Figure 
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3.7). They show that 18O decreases with increasing Ca#, where Ca#= [Ca2+]/([Ca2+] + 
[Mg2+]). My DPO vein carbonates assumed to be precipitated by meteoric water dominated 
solutions (avg. 23.41‰ 18O (VSMOW), 0.6 #Ca) follow the trend presented by Blank et al., 
whereas the predicted ancient marine carbonate and ultramafic rock dominated precipitates 
(avg. 23.5 ‰, 0.9; 22.6 ‰, 0.9) do not.  
 13C versus 18O (Figure 3.8) can be used to determine the conditions controlling 
precipitation, based on the relative fractionation trends. The 13C and 18O isotopes display a 
faint, but noticeable inverse relationship. The same colored groupings from the prior 
geochemical factors have been applied to these samples as well. There is some overlap 
between the three primary drivers, but the groupings are still apparent.  
Figure 3.9 is modified from Kelemen et al. (2011) and shows 13C versus 18O for a 
large number of inorganic carbonate samples. The 13C and 18O values from this study have 
been added for comparison and fall within the same range as similar samples. Conversely, all 
other data sets display a positive correlation between 13C and 18Of carbonate vein samples 
while the DPO samples have a negative correlation.  
This trend appears to be driven by solution pH. McCrea (1950) found that 18O in 
CaCO3 decreases as percent CO3
2- in the precipitating solution increases. Turner (1982) 
found that this trend is also reflected in 13C of CaCO3 up to pH ca. 8.5, but for pH > 8.5, 
13C in CaCO3 increases with increasing solution pH. It can therefore be hypothesized that 
the inverse variation between 13C and 18O in the DPO vein carbonates resulted from pH 
fluctuations in the precipitating fluid >8.5. 
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Figure 3.7: Comparison of 18O and Ca# (Ca#=Ca/(Ca+Mg)) as a function of distance from 
grain boundary for a carbonate cement found on a serpentinized clast in Del Puerto Creek 
(from Blank et al., 2009).  
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Figure 3.8: 18O vs. 13C for the carbonate vein samples. The same coloring for the different 
sample groups is used here.  
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Figure 3.9: Modified figure from Kelemen et al. (2011) of 13C and 18O samples from 
various carbonate precipitates with the values from the DPO carbonate vein (black dots 
circled in yellow and black) and their minor inverse relationship, represented by the black 
line, added. 
 
Temporal and Spatial Variation in the DPO Groundwater System 
 Geochemical and isotopic results from the ultramafic carbonate vein suggest major 
shifts in control of the chemistry of the precipitating fluids, with minor fluctuations 
throughout. The 3-member mixing model (Figure 3.5), elemental concentrations (Figure 3.6), 
and physical morphology suggest that the DPO groundwater system has been diluted by 
meteoric water; dissolved ancient marine carbonates within neighboring formations; and 
reacted with local ultramafic rocks within the ophiolite.  
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 There have also been changes in total flow through the system, in conjunction with 
these changes in water source and mixing. This is reflected in the precipitation pattern within 
the sample site. The two bottom layers of the upper section of the precipitated carbonate vein 
are chemically, isotopically, and physically similar to the samples adjacent to the cavity floor. 
Conversely, the third sample up from the cavity floor is similar to the two samples closest to 
the cavity roof. This is followed by the majority of the upper portion of the vein appearing 
dissimilar to the lower portion moving vertically through the samples. 
 These inconsistent relationships suggest the initial carbonate layers were precipitated 
when the cavity was not fully inundated, followed by a period of full inundation, resulting in 
precipitation on all surfaces within the cavity. The cavity then experienced constant variation 
in water level and never reached full inundation again before ceasing flow all together. 
 
Large-Scale System Changes 
There are three possible primary controls on large-scale geochemical changes within 
the DPO groundwater system that would lead to the chemostratigraphic relationships seen in 
the precipitated carbonate vein.  
 
(1) Water Availability 
Meteoric rainfall is the primary source of water within the DPO (Barnes and O’Neil, 
1969). Changes in magnitude of meteoric rainfall could have a significant impact on the 
chemistry of waters in the DPO (Davis, 1961). Periods of greater rainfall could result in 
greater meteoric influence on the stream chemistries, whereas lower rainfall rates could lead 
to greater chemical control by subsurface rock:water interactions (Davis, 1961). Changes to 
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the water chemistry would lead to changes in precipitated carbonate chemistry.  
Estimated water level changes and a significant drop in modern groundwater level 
over the last 40 years indicate that there has been a significant change in the availability of 
water within the system, as Blank et al. (2009) indicate that one of the primary springs 
studied by Barnes and O’Neil (1969) no longer exists. This change in water availability could 
be a result of lower rainfall rates, which would lead to changes in carbonate chemistry. 
 Benson et al. (1998) conclude that the regional climate fluctuated between wetter and 
drier periods on a 1000 to 2000 year cycle between 35 ka and 12 ka, based on 18O and 14C 
results from ostrocod and sediment samples from Mono Lake, CA, located 130 miles 
northeast of the DPO. These changes in meteoric precipitation could explain the changes in 
the meteoric signal displayed by the elemental and isotopic results in the carbonate vein. 
 
(2) Location of meteoric rainfall 
Changes in regional climate patterns could have affected the isotopic and elemental 
composition of carbonate precipitates within the DPO. Shifts in major storm patterns that 
favor flow through the surrounding Franciscan formation could potentially increase marine 
carbonate rock influence on the composition of precipitated carbonates.  Changes in air mass 
transit distances would change the 18O signal due to variations in rain out. These types of 
storm pattern changes have been recorded in the sediment from Mono Lake (Benson et al. 
1998), indicating that this type of region-scale meteorological shifts can occur in this area. 
 
(3) Aquifer development  
Shifts in regional scale rain patterns and climate could explain the elemental and 
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isotopic variations in the DPO carbonate vein, but this seems unlikely. Both total meteoric 
precipitation and climate patterns would require rapid, frequent alteration to accommodate 
the frequent changes in elemental concentrations as well as 87Sr/86Sr, 18O, 13C fluctuations. 
Forced subsurface changes to development of the local aquifer are therefore the simplest 
explanation for the elemental and isotopic shifts in the precipitated carbonate vein. 
Obstruction of the fracture systems within the rocks by precipitation of inorganic carbonates 
within the porous areas, or ‘fracture sealing’, could force the groundwater to find alternate 
flow paths within the subsurface. This fracture sealing could lead to dramatic changes in 
rock:water interactions, depending upon what formation the groundwater is being directed 
through and how close to the surface the water table is. This forcing could lead to dramatic 
shifts in elemental and isotopic chemistry. 
 Fracture sealing within ultramafic deposits is expected to have a number of 
consequences for subsurface groundwater systems. Arcilla et al. (2011) present evidence for 
temporal fracture sealing and reopening from an ophiolite in Jordan where structural collapse 
of steep cliff sides releases pressure on the occluded fractures system, thus re-opening them. 
Noiriel et al. (2010) indicate that the process of precipitation itself has the potential to cause 
fracture propagation within the subsurface due to mineral expansion. Boschi et al. (2009) 
also suggest that cyclic host rock dissolution and carbonate precipitation can increase the 
permeability of a fracture system and prevent occlusion.   
These forced changes to aquifer development can account for all variations involving 
increased ancient marine carbonate and ultramafic signals. Increased porosity near surficial 
deposits could explain increased meteoric rainfall dilution within the system, but this signal 
could also be simply due to increased rainfall rates.  
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Therefore, it is likely that shifts in the aquifer development of the precipitating fluids 
are the principle cause of the elemental and isotopic variations within the precipitated 
carbonates, with possible climatic fluctuations modifying the total meteoric input to the 
system.   
 
Conclusions 
 Concerns that mineral precipitation within subsurface fracture systems will passivate 
an in-situ carbon sequestration system appear to be unfounded, at least in the case of the 
DPO (Arcilla et al., 2011). The precipitating groundwater fluids of the DPO have undergone 
large-scale shifts in aqueous chemistry, as evidenced by the geochemical and isotopic 
changes of the large precipitated carbonate vein measured in this study. It is likely that these 
chemical changes are a result of a combination of fracture sealing and rainfall shifts and 
suggests that, while fracture sealing does appear to affect a subsurface carbon sequestration 
system, it does not fully passivate the ophiolite, as previously suspected (Arcilla et al., 2011). 
The ability to naturally adjust to occlusion within the subsurface fracture system indicates 
that ophiolite deposits do have potential as in-situ anthropogenic carbon sequestration sites.     
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CHAPTER 4: COMPARISON OF NATURAL SEQUESTRATION SYSTEMS TO 
LABORATORY REACTIONS FOR POTENTIAL ASSESSMENT OF FUTURE MAP 
ROCK TYPES 
 
Introduction 
 Anthropogenic CO2 is driving changes in climatic conditions worldwide with far 
reaching and long lasting impacts to terrestrial and marine systems. These include increased 
sea surface temperatures (Solomon, 2007), ocean acidification (Feely et al., 2004, Kleypas et 
al., 2006, Ries et al., 2009), increased storm frequency and intensity (Emanuel, 2005), 
increased littoral flooding (Christensen and Christensen, 2003), drought intensification 
(Sheffield and Wood, 2008), polar ice loss (Shi and Liu, 2000), elevated sea level (Solomon, 
2007), and altered ocean circulation patterns (Toggweiler and Russell, 2008).  
 Mineralization via aqueous precipitation (MAP) is the natural carbonation reaction 
that occurs naturally between aqueous dissolved CO2 and globally abundant ultramafic and 
mafic minerals and has the potential to prevent additional discharge of CO2 to the atmosphere 
(Seifritz, 1990). The ultramafic/mafic minerals provide the alkalinity and divalent cations 
(Ca2+, Mg2+, Fe2+) needed to sequester CO2 as solid carbonate material (Ca-, Mg-, and 
FeCO3). Current estimates indicate the ex-situ MAP process is not yet efficient enough to be 
cost effective for industrial scale implementation (O’Connor et al., 2005).  
Each mafic/ultramafic deposit is estimated to have varying potential for the MAP 
process depending on its mineralogy. For example, the Semail Ophiolite, in Oman, is 
estimated to naturally sequester ~104 to 105 tons of atmospheric CO2 each year via the MAP
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process, (Kelemen and Matter, 2008). Extensive laboratory analysis and experimentation is 
required to adequately assess the potential of individual deposits. 
This investigation endeavors to determine a simple method for assessing the potential 
of a wide range of mafic/ultramafic rock types for future use as in-situ MAP sites. A 
comparison between waters reacting naturally with mafic/ultramafic deposits and those taken 
from laboratory batch reactions can provide an estimate of sequestration potential of a rock 
body based on simple measurements and model calculations. Various mafic and ultramafic 
deposits in California, Idaho, and North Carolina were sampled for solid and aqueous 
material. The solid samples were placed in batch reactors with deionized water and subjected 
to various temperatures and CO2-gas mixtures to determine their sequestration potential. I 
intend to build off these results presented in Chapter 2 to describe create models of natural 
sequestration systems. 
 
Geology 
 Four individual mafic/ultramafic deposits were identified in California, Idaho, and 
North Carolina (Figure 4.1) as sampling sites with accessible surficial deposits and 
associated aqueous systems that exhibits an elevated pH (>8). Elevated pH values are 
indicative of on-going carbonate precipitation reactions with mafic/ultramafic minerals. 
Three additional ultramafic sites were sampled without an associated aqueous system. 
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Figure 4.1: Map of sample sites and rock types 
 
Del Puerto Ophiolite 
 The Coastal Ophiolite consists of many individual, discontinuous ultramafic bodies 
that have been displaced and altered through tectonic processes such as obduction, 
subduction and exhumation, and continental collision. The DPO is a well-known ophiolitic 
body in the Coastal Range of central California (Barnes and O’Neil, 1969; Barnes et al., 
1972; Evarts and Schiffman, 1983). Rock and water samples were taken from ten different 
locations throughout the ophiolite. Individual rock samples range from peridotite to 
serpentinized peridotite to secondary carbonates. Water samples were taken from springs, 
streams, and installed water spigots tapped into the groundwater. A peridotite sample was 
used in batch reactions and water from a spring source was used for comparison. 
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Complexion Springs Peridotite 
 The Complexion Springs ultramafic deposit is an individual peridotite deposit located 
in the Mendocino region of central California where pH values can exceed 12.0 (Barnes et 
al., 1972). Rock samples were taken from the spring source and adjacent surface streams. 
The water samples used for comparison are from the spring source.  
 
Mendocino Serpentinite 
 The Mendocino deposit is a serpentinite in northern California, approximately 50 km 
south of the Complexion Spring site. This portion of northern California is known for 
extensive hydrothermal activity (Goff and Guthrie, 1999), though there is no activity at this 
particular site. Rock samples were taken from two separate road cuts north of Middletown, 
CA. There were no water sources associated with this sample site.  
 
Frank Intermediate 
 The deposit found near Frank, NC in the northern Blue Ridge Mountains is an 
inactive, private quarry that contains a wide mixture of rock types, including various 
serpentinite phases, micas, and intermediate igneous and metamorphic rocks. An 
intermediate rock type was chosen from this site to represent the lower end of our 
sequestration models as a less than ideal rock type that may still exhibit some potential for in-
situ sequestration.  
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Newdale Dunite 
 The Newdale ultramafic deposit is part of a series of discontinuous ophiolite deposits 
found throughout the Blue Ridge Mountains in western North Carolina. The Newdale deposit 
is a typical dunite that is found throughout the region (Vrona, 1977). A portion of this deposit 
has been quarried previously, but is no longer active (Vrona, 1977). Rock sampling was 
focused on outcrops near the former quarry site and water samples were taken from a flooded 
portion of the quarry. 
 
Webster Websterite 
 The Webster websterite is a variant of dunite named for its type locality in the town of 
Webster, NC, in the southwestern Blue Ridge Mountains. Websterite is a type of dunite with 
slightly higher Fe content and less serpentinization (Miller III, 1953). Extensive secondary 
carbonate deposits were found at this location and appear to be the result of a seasonal or 
relict groundwater spring. There was no apparent flow at the time of sampling, thus no water 
samples were taken from this location. 
 
Snake River Flood Basalt 
 A flood basalt was chosen for this investigation, because it represents an easily 
accessible, high volume mafic rock type with significant potential for sequestration. Samples 
were taken from surface deposits in the Thousand Springs area of the Snake River Plain of 
southern Idaho. Surface springs can be found issuing from flood basalt deposits throughout 
the region and water samples are from these surface springs.  
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Methods 
Three-Phase Batch Reactions 
 Three-phase (fluid-rock-gas) batch reactors (Figure 4.2) were employed to determine 
reaction kinetics. 4L Pyrex glass flasks with attached glass reflux condensers were used as 
reaction vessels. Each rock was crushed and sieved to a grain size range of 40-180 µm. All 
rock powders were filter-washed with acetone and allowed to dry prior to the start of the 
experiment in order to remove ultrafine particulates that may have adhered to the surface of 
the larger grains. 200 g of each rock sample was stirred continuously in 3L of deionized 
water with a constant supply of pure CO2 or a low-pCO2 gas mixture (66.4 ppm average) and 
heated to 25°C or 200°C by a 10-inch stirring hotplate with digital temperature control.  
 Samples were reacted for two weeks and sampled at intervals of 1, 6, 24, 48, 96, 168, 
and 336 hours. ~350 mL of mixed water/rock samples were taken at mid depth, while 
continuously stirring, via a plastic syringe and attached rigid plastic tube. 
  
 
Figure 4.2: Three-phase (fluid-rock-gas) batch reactors. 
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Each mixed sample was filtered through a 0.4 µm cellulose filter in a N2-gas filled 
glove box to minimize oxidation of any Fe-rich minerals within the sample. 50 mL of filtrate 
was placed in a plastic sample vial, measured for pH, and acidified with 18% HNO3 for 
subsequent elemental analysis. The remaining filtrate was stored in a glass-stoppered 
borosilicate bottle and refrigerated for later TA and DIC analyses. The solid samples were 
allowed to dry in the N2 filled glovebox. Solid samples were later scrapped from the filters 
and stored for later analyses. 
 The starting reactant mass was reduced to 100 g and the water volume reduced to 
1.5L (to conserve the original rock:water ratio), due to the limited available sample mass for 
the CS Peridotite rock type. All reactions following the CS Peridotite reactions were run 
using this reduced reactor setup and two previous rock types (dunite and websterite) were 
rerun with these altered conditions to assure the reaction kinetics between the two reactor 
setups were comparable. Subsampling was reduced to 6, 96 and 336 hours due to the reduced 
available volume. 
 
ICP-MS/OES 
 The elemental chemistry of aqueous samples was determined via ICP-OES. The 
elemental chemistry of solid samples was determined via ICP-MS. Changes in the elemental 
chemistry of the aqueous and solid samples throughout reaction can be indicative of mineral 
dissolution and carbonate precipitation as the reactions progress.  
 Natural water samples were analyzed via ICP-OES. Elemental concentrations of the 
natural samples can be indicative of various processes, including; carbon sequestration, 
subsurface rock:water interactions, and water body mixing. 
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LOI/LOA 
 Carbonate concentrations were obtained via loss-on-ignition (LOI) and loss-on-
acidification (LOA) techniques (Heiri et al., 2001). LOI could not be used on basalt and 
serpentinite samples due to the elevated temperatures of the analysis, which caused the 
formation of hydrophilic zeolites (Kristmannsdottir, 1979) in the basalts and dehydrated the 
serpentinites (Weber and Greer, 1965), resulting in erroneous carbonate concentrations. For 
LOA, basalt and serpentinite samples were weighed, exposed to 0.5 M HCl acid to dissolve 
all carbonate material, filtered, dried and reweighed. This provides the carbonate 
concentration without dehydration of the serpentinite grains or zeolite formation in the 
basalts. 
 
Aqueous Carbon System 
 Aqueous carbonate chemistry was determined via a combination of pH, total 
dissolved solids (TDS), total alkalinity (TA) and dissolved inorganic carbon (DIC) 
measurements. The pH and TDS of the reaction fluids were measured with a single-junction 
Ag/AgCl glass electrode calibrated with NBS buffers (NIST-traceable) and a conductivity 
probe designed for high TDS fluids (K=10), respectively. The total alkalinity (TA) and 
dissolved inorganic carbon (DIC) of all aqueous samples were measured concurrently via 
closed-cell potentiometric titration and coulometry on a Marianda VINDTA 3C. pCO2 was 
calculated via equilibrium reaction equations, using TA, pH, and TDS measurements (Pierrot 
et al., 2006). 
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Total CO2 Sequestered 
 This calculated value can be used as a way to assess the efficiency of a rock type in 
the MAP process on a simple mass input/output basis. This value represents the expected 
total CO2 sequestration in grams when a kilogram of source rock is reacted for a given time 
under the given conditions. This value is calculated by adding the solid sequestered CO2, 
measured via LOI/LOA, and the aqueous CO2 sequestered as DIC and scaled to a full 
kilogram of reacted material, rather than the 200 or 100 g used in these reactions. Total CO2 
sequestered will be used as the calculated result from the numerical models presented in this 
chapter. 
 
Multiple Linear Regressions 
 Multiple linear regression (MLR) was used to build simple, useful models capable of 
estimating the sequestration potential of various mafic and ultramafic rock types. MLR uses 
multiple explanatory variables (x1, x2, … xp), such as TA, TDS, pH, temperature, etc., to 
create a predictive model for a dependent variable (y), or Total CO2, by fitting an equation to 
the observed data (Zar, 1999). Models are chosen based on variable significance (Pr), 
goodness of fit (R
2
), and the Akaike information criterion (AIC), which is a measure of the 
general quality of the model (Zar, 1999). 
 
Results and Discussion 
 Appendix B includes all data used for the subsequent calculations, figures, and MLR 
models. These data include TDS, TA, DIC, temperature, pH, pCO2, reaction duration, and 
total CO2 sequestered for each sample. Sample names describe the rock type, CO2 level, 
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temperature, and sample time. For example, ‘Intermediate 25 LCO2 1hr’ represents an 
intermediate sample, under 25⁰C, low-CO2, and taken after 1 hour of reaction. Sample names 
including ‘avg’ represent the average of two batch reactions. Samples labeled as ‘Source’ are 
natural water samples from the respective field site.  
 
Reactions vs. Natural Waters 
 Comparison of natural water samples to equivalent samples (Figures 4.3-4.8) from 
the batch reactions can provide insight into how well the laboratory reactions have mimicked 
their representative natural system. Applying a linear fit model/equation can indicate the 
general trend between the natural samples and the 336 hour sample for each reaction. The 
proximity of the individual points to the model/equation line indicates how well the reacted 
system mimics the natural system.   
 
TA (Figure 4.3) 
 TA reaction samples are most similar to the natural samples in the 25⁰C reactions. 
The high-CO2 reaction is the most similar to the natural system, based on the linear fit line. 
The 200⁰C reactions have poor resemblance to the natural systems for most rock types. This 
is likely because none of the sites sampled for this investigation are located within 
hydrothermal systems, though the CS peridotite site is in the same region as a hydrothermal 
field.  
 Under low-CO2, 25⁰C conditions, basalt follows the Natural vs. Reacted TA trend 
closely, with CS and DP reactions appearing to be the most similar to the natural system. The 
dunite reaction does not follow the trend under these conditions. The samples sites for the 
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basalt, CS, and DP natural samples are all free flowing water sources. The sample site for the 
dunite is a relatively quiescent water body. This lack of active flow through the ultramafic 
body could result in the depressed TA values found in the dunite water. Under low-CO2, 
200⁰C conditions, basalt and CS closely reflect the natural system, whereas DP and dunite do 
not. All rock types follow the fit line relatively closely under high-CO2, 25⁰C conditions. 
Under high-CO2, 200⁰C conditions basalt and dunite samples are fairly close to the natural 
system, but the two peridotite samples are completely dissimilar. 
 
 
Figure 4.3: Comparison of TA found in natural water samples and the four reaction 
conditions. The line is a linear fit for all data. 
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DIC (Figure 4.4)  
 Under high-CO2, 25⁰C conditions all reactions are similar to their natural 
counterparts. The linear fit line is evenly encompassed by the four rock types, suggesting that 
each reaction sample has the same similarity to its natural sample as the other three. This is 
the reaction condition that is most similar to the natural systems. Under high-CO2, 200⁰C 
conditions basalt is the closest to the linear fit line. No other rock types are close to the line, 
suggesting that, like TA, the DIC results are not similar to the natural systems under these 
conditions.   
 Under low-CO2, 25⁰C conditions basalt and DP very closely mimic the natural 
system. The dunite sample is relatively close to the linear fit line and the CS sample is very 
different. At 200⁰C basalt and dunite are similar to the natural system and the two peridotite 
reactions are not. Both low-CO2 treatments have mixed results, which is probably due to the 
low concentration increasing the overall effect of variation in CO2 concentration relative to 
the average. 
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Figure 4.4: Comparison of DIC found in natural water samples and the four reaction 
conditions.  
 
TDS (Figure 4.5) 
 Under all conditions, CS is vastly different from the natural system and the other rock 
types either closely reflect the natural system or are similar. The disparate CS results are a 
direct result of the high [Na
2+
] found within the natural sample. The elevated [Na
2+
] at 
Complexion Spring is due to the mixture of serpentinizing waters and formation brines from 
the nearby Clear Lake hydrothermal fields (Fehn et al., 1992). The high-CO2, 25⁰C is the 
closest reaction to the natural samples. It is the reaction where TDS for CS is closest to the 
natural system (10.3 ppt vs. 6.3 ppt). The second most similar reaction is the low-CO2, 25⁰C 
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reaction, where the CS sample is the only reaction sample that is very different from the fit 
line.  
 
 
Figure 4.5: Comparison of TDS found in natural water samples and the four reaction 
conditions.  
 
pH (Figure 4.6) 
 pH for reaction samples are at least moderately similar to their natural counterparts 
for most rock types under most conditions. The low-CO2, 25⁰C conditions are the most 
dissimilar of the four different reactions. Unlike most other analytes, the high-CO2, 200⁰C 
reaction samples are the most similar to the natural samples. CS samples are the least similar, 
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for all reaction conditions. This is likely a result of the extremely elevated pH values 
measured in the natural sample, which are far higher than any other site. Basalt and dunite 
are close to the linear fit line for pH under the low-CO2, 25⁰C conditions. DP is moderately 
close to the fit line and CS is most dissimilar to its natural sample. Basalt, dunite, and DP are 
all very close to the linear fit line and CS is is moderately close under low-CO2, 200⁰C 
conditions.  
 Basalt, dunite, and DP are very similar to the linear fit line for the high-CO2, 25⁰C 
conditions and CS is moderately close. The similarity between the reaction samples under 
high-CO2, 200⁰C conditions and the natural samples is nearly identical with basalt, dunite 
and DP being very close to the linear fit line and CS being moderately close.  
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Figure 4.6: Comparison of pH found in natural water samples and the four reaction 
conditions.  
  
pCO2 (Figure 4.7) 
 Both low-CO2 reactions exhibit very little similarity between the reaction samples and 
the natural samples for pCO2. Conversely, all samples under the high-CO2 conditions are 
close or very close to the linear fit line. pCO2 is another measurement that is significantly 
influenced by the CO2 input conditions. The lower input CO2 for the low-CO2 reactions 
results in higher variability in the pCO2, much like DIC. 
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Figure 4.7: Comparison of pCO2 found in natural water samples and the four reaction 
conditions.  
 
Total CO2 (Figure 4.8) 
 Under three of the four reaction conditions (low-CO2, 25⁰C, high-CO2, 25⁰C, high-
CO2, 200⁰C), all rock types mimic the natural system fairly well for Total CO2 sequestered. 
Under low-CO2, 200⁰C conditions the basalt and CS reactions are similar to the natural 
systems and the DP and Dunite reactions are not. The DP sample is likely dissimilar, because 
the DIC is two orders of magnitude different between the due to the significant differences 
between DIC in the natural and reacted samples. The discrepancy in the dunite sample is 
 
 
167 
 
likely because the final solid carbonate produced is more than twice that of the original rock 
source.  
  
 
Figure 4.8: Comparison of the Total CO2 sequestered in natural samples and the four reaction 
conditions.  
 
 The low-CO2, 200⁰C conditions are the most dissimilar to the natural systems from 
which the source rocks and natural water samples were taken, which has likely caused the 
lack of similarity between these reaction samples and their natural counterparts across the 
majority of variables (Figures 4.3-4.8). Conversely, the high-CO2, 25⁰C reaction conditions 
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are the most similar to the natural systems and resulted in the majority of the lab reactions 
under these conditions mimicking the natural systems very well (Figures 4.3-4.8). 
 
Variable Proxy 
 The variables analyzed can be used to describe how the sequestration systems are 
reacting over time. Total alkalinity is a primary indicator of the sequestration potential of an 
industrial or natural system, but determining the true potential normally requires additional 
variables to adequately describe the system. The question is whether or not the total alkalinity 
can be used as a proxy for the sequestration potential (Total CO2) of a rock type or natural 
system alone. Comparing TA to other analytes (DIC, TDS, pH) can determine how well 
alkalinity works as a proxy for these variables, and thus the Total CO2.  
 
TA vs. DIC 
 TA and DIC (Figure 4.9) have very strong linear correlations for all rock types across 
all conditions. DP, CS, and dunite all have very high R2 values, 0.9962, 0.9633, and 0.9471, 
respectively. The basalt has a R2 value of 0.8016. The lower basalt value is directly 
attributable to the 336 hour, high-CO2 and the natural water samples, which do not follow the 
same trends as all other basalt samples. The R2 value for a linear fit of all data combined is 
0.9765. The linear relationship between TA and DIC is very strong for the four rock types. 
This was expected for these reactions. This linear relationship indicates that TA could 
possibly be used as a proxy for dissolved inorganic carbon. Using TA as a proxy for DIC 
would eliminate the need for coulometric analysis when assessing the potential of a rock type 
or water body for carbon sequestration.  
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Figure 4.9: TA vs DIC for dunite, basalt, CS peridotite, and DP peridotite under all 
temperature conditions and CO2 treatments. The lines represent linear fits for individual rock 
types and the R2 value is the goodness of fit.  
 
TA vs. TDS 
 TA and TDS (Figure 4.10) have the highest linear correlations of any two conditions 
for individual rock types. DP and dunite have R2 values of 0.9936 and 0.9919 respectively. 
Basalt has a R2 of 0.9644. The lowest R2 value is from CS at 0.8474. This is a direct result of 
the exceptionally high TDS (6.263 ppt) found in the natural sample. The natural CS sample 
has a [Na2+] at least an order of magnitude greater than any other natural water sample 
 
 
170 
 
measured (1290 ppm). The[ Na2+] of the natural CS sample is a result of subsurface mixing 
of hydrothermal formation waters and peridotite-influenced sequestering waters. The R2 
value of the combined samples is 0.931. The high linear correlation between TDS and TA 
makes TDS a very valuable measurement, because it can be determined easily in the field 
and can be used in place of TA under certain circumstances. 
 It may be tempting to use TDS as a direct proxy for TA, because it is much easier to 
determine, but the result form the natural CS peridotite sample is an example of why this 
would be unwise. A natural water sample with the [Na2+] of the CS sample would return a TA 
of 88679.87 mEq, which is over four times the actual value of 19040.75 mEq.  
 
 
Figure 4.10: TA vs TDS for dunite, basalt, CS peridotite, and DP peridotite under all 
temperature conditions and CO2 treatments. The lines represent linear fits for individual rock 
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types and the R2 value is the goodness of fit. 
TA vs. pH 
 TA and pH (Figure 4.11) cannot be compared with low- and high-CO2 samples 
combined, due to the significantly lower pH in high-CO2 reactions. Elevated carbonate acid 
in the  high-CO2 samples depresses the pH. Right away, it is very obvious that TA is a poor 
proxy for pH in many situations. The R2 for the low-CO2, 25⁰C basalt treatment is low 
(0.3506), whereas the correlation under high-CO2, 25⁰C is relatively high (0.7008). Low-
CO2, 25⁰C correlation for dunite is fairly moderately (0.6855) and the high-CO2, 25⁰C 
correlation is highest for all rock types and conditions (0.9845). The low- and high-CO2 
correlations for the CS peridotite are both fairly high (0.8011 and 0.6823 respectively). The 
low-CO2, 25⁰C DP peridotite is the only negative linear correlation, but has a very high fit 
(0.9795). The negative trend is due to the inclusion of the natural water sample in this data 
set. The high-CO2, 25⁰C correlation is nearly zero (0.0077), which is due to the exceptionally 
wide TA range and very low pH range. 
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Figure 4.11: TA vs pH for dunite, basalt, CS peridotite, and DP peridotite at 25⁰C. The lines 
represent linear fits for individual rock types and the R2 value is the goodness of fit. 
 
 The 200⁰C treatments of all rocks and under high-CO2 have elevated pH relative to 
the 25⁰C treatments (Figure 4.12). The lower solubility of CO2 under higher temperatures 
limits the concentration of carbonic acid within these treatments relative to the lower 
temperature treatments. There are no consistent trends between the 200 and 25⁰C low-CO2 
treatments, because the temperature controlled solubility of CO2 and these low levels is not 
as significant. 
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  The low-CO2 R
2 for basalt is very low (0.2048), while the high-CO2 R
2 is middling 
(0.5474). The low-CO2, 336 hour sample (2185.54, 8.86) is the cause of the low R
2 for 
basalt. The R2 improves to 0.5803 without this final sample. The low-CO2 R
2 for dunite is 
extremely low (0.0055), but the high-CO2 R
2 is very high (0.8294). The dunite low-CO2 
values are very inconsistent throughout, causing the very low R2. The low-CO2 R
2 for CS 
peridotite is low (0.2536), but the high-CO2 R
2 is the highest of all treatments under 200⁰C 
(0.997). The low-CO2 R
2 for DP peridotite is the only 200⁰C treatment with a very high value 
(0.9567). The high-CO2 R
2 is very low (0.2404), which is likely due to the very large TA 
difference and very low pH difference.  
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Figure 4.12: TA vs pH for dunite, basalt, CS peridotite, and DP peridotite at 200⁰C. The lines 
represent linear fits for individual rock types and the R2 value is the goodness of fit. 
 
 The inconsistency in TA vs pH correlations makes TA it a poor choice as a proxy. 
There is a stronger relationship between TA and pH under high- CO2 conditions than low-
CO2. The low concentration of carbonic acid limits the chemical weathering effect on the 
grains within these reactions, which means the pH chemistry is controlled by physical 
weathering of the grains. This limitation makes it a poor choice for describing a natural 
system that would not rely on the physical abrasion of grain impacts. 
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 Some analytes can be represented by another single analyte (in this case TA) with 
relatively good confidence, such as DIC and TDS in most cases. Unfortunately, using TA as 
a proxy does not hold up well for other important carbonate system parameters, like pH. This 
inconsistency means multiple analyses are still required for an assessment of the 
sequestration potential of a system.  
 
Individual Rock Type Multiple Linear Regression Models 
 Multiple linear regression (MLR) models were created for each rock type using 
several combinations of variables to allow for prediction of sequestration potential (Total 
CO2) of a rock deposit. All variable combinations were tested to determine the most 
representative model with as many variables being at least nearly significant (Pr<0.25) as 
possible. The model with the highest R
2
 value is listed first. The lowest AIC value usually 
coincides with the highest R
2
. 
 The most representative MLR models for the dunite sample are listed in Table 4.1. 
Inclusion of the natural water samples with the reaction samples produces the model with 
highest R
2
 value (0.528). Model D1 includes pH, TA, temperature, and pCO2 as variables. 
Use of this model requires the measurement of pH and TA of a natural source of water 
associated with a dunite deposit and predictive values for temperature and pCO2. These 
models include all samples from both 25⁰C and 200⁰C reactions. The advantage of this 
model is in its inclusion of temperature. This allows the model to be applied specifically to 
hydrothermal regions. Model D2 does not include the natural water samples in its 
calculation. The AIC value is slightly higher, but the R
2
 value is lower and all Pr values are ≥ 
to those in the first model. The lower AIC value makes this a ‘higher quality’ model, but its 
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significance is lower and the lack of natural samples reduces how representative it is of a 
natural system.   
 
Table 4.1: Dunite rock type MLR models. 
Dunite R
2
 AIC Condition Std Error Pr 
D1: Dunite with Natural Samples 0.528 142.01 Intercept 47.534 0.208 
      pH 5.200 0.086 
      TA 0.000 0.000 
      T 0.034 0.017 
      pCO2 0.000 0.225 
Total CO2 = -61.5649+9.34148* pH+8.4326E-04*TA+8.7595E-02*T+7.0499E-05*pCO2 
D2: Dunite w/o Natural Samples 0.508 138.26 Intercept 52.074 0.235 
      pH 5.621 0.104 
      TA 0.000 0.000 
      T 0.038 0.029 
      pCO2 0.000 0.255 
Total CO2 = -63.5480+9.5351*pH+8.4629E-04*TA+8.9224E-02*T+7.3010E-05*pCO2 
 
 
 The significant models for the CS peridotite are shown in Table 4.2. Models CS1 and 
CS2 both use data from the 25⁰ and 200⁰C reactions. Both models use TDS and TA for 
variables, with the second model excluding the natural water samples. CS1 has the higher R
2
 
(0.936 vs. 0.899), while CS2 has a lower AIC value (65.73 vs. 75.47). All variables in CS1 
are significant and most in CS2 are significant, with TDS being nearly significant.  
 CS3 and CS4 use only results from the 25⁰C reactions. Limiting the model to only 
samples reacted at 25⁰C improves both the R2 and AIC values, but limits the environments it 
can be applied to. Both models have very high R
2
 values (0.982, 0.901) and low AIC values 
(29.11, 52.17). The use of pCO2, TDS, and pH as variables and exclusion of the natural water 
sample creates the best model. CS3 and CS4 have two advantages over CS1 and CS2; use of 
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TDS in place of TA and inclusion of the predictive variable, pCO2. TDS is much easier to 
measure relative to TA and varying pCO2 within the model can result in a suite of predicted 
Total CO2 values that may be applicable to a future industrial process. The second model 
includes the natural water sample in the calculations. The lower R
2
 and higher AIC values of 
the second model are likely a result of the abnormally high TDS value of the natural CS 
sample.  
 CS1 appears to be the most appropriate option for determining the sequestration 
potential of a peridotite similar to the CS peridotite, because it has a very high R
2
 value 
(0.936) and includes all measured samples. Inclusion of the 200⁰C and natural water samples 
gives a broader coverage of possible systems. The disadvantage of CS1, in comparison to the 
CS3, is the reliance on TA as a variable and the lack of any predictive variables (i.e. pCO2 or 
T), which can be used to model future industrial application. TA requires laboratory analysis, 
whereas TDS and pH can be reliably and simply measured in the field.  
 
Table 4.2: CS Peridotite rock type MLR models. 
CS Peridotite All T R
2
 AIC Condition Std Error Pr 
CS1: CS with Natural Samples 0.936 75.47 Intercept 5.759 <0.001 
    TDS 3.289 <0.001 
      TA 0.000 <0.001 
Total CO2 = 217.8029-29.1452*TDS+2.8851E-03*TA 
CS2: CS w/o Natural Samples 0.899 65.73 Intercept 4.893 <0.0001 
    TDS 7.643 0.120 
      TA 0.001 0.015 
Total CO2 = 219.1467-13.1171*TDS+1.70211E-03*TA 
CS Peridotite @ 25⁰C R2 AIC Condition Std Error Pr 
CS3: CS w/o Natural Samples 0.982 29.11 Intercept 253.635 0.252 
      pCO2 0.000 0.095 
      TDS 4.234 0.056 
      pH 25.085 0.141 
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Total CO2 = -449.5356+7.5119E-04*pCO2+16.2477*TDS+67.4529*pH 
CS4: CS with Natural Samples 0.901 52.17 Intercept 281.906 0.018 
      pCO2 0.000 0.181 
      TDS 4.013 0.209 
      pH 28.480 0.030 
Total CO2 = 1187.8985-6.1830E-04*pCO2-6.7589*TDS-98.2066*pH 
 
 
 Five models for the basalt rock type are listed in Table 4.3 with varying R
2
 values, 
quality, and significance. Models B1 through B3 were created using samples from all 
reactions. B1 includes the natural sample and B2 and B3 do not. The models have R
2
 values 
of 0.414, 0.554, and 0.508 and AIC values of 183.20, 176.14, and 178.67 respectively. B1 
has the lowest R
2
 and highest AIC of the three models, but is the only model with all nearly 
significant variables. This model also includes a predictive variable (pCO2) and natural 
sample, which makes it the better model for a potential industrial system. The disadvantages 
to B1 are the lower R
2
 and higher AIC values as well as the use of TA as a variable.  
 B2 and B3 have better R
2
 and AIC values than the B1, but do not include the natural 
sample, making them less representative on the whole. B2 is the simplest to calculate, 
because it uses pH and TDS as variables. B3 has the disadvantage of using TA with pH, 
requiring more complex analysis. 
 B4 and B5 used only the 25⁰C samples for calculation and exclude the natural water 
sample. B4 includes the natural water sample and has moderate R
2
 and AIC values, and has 
all significant variables (TDS, DIC). The disadvantage to this model is the need to analyze 
DIC, which requires laboratory equipment. B5 has higher R
2
 and lower AIC values, relative 
to B4, but the Intercept Pr value is >> 0.25. This final model also includes a variable 
requiring laboratory analysis (TA). B1 is the most useful of the five models, because it 
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includes samples from both 25 and 200⁰C reactions as well as the natural sample. It also 
includes a predictive variable (pCO2), making it useful for industrial applications.  
 
Table 4.3: Basalt rock type MLR models. 
Basalt All T R
2
 AIC Condition Std Error Pr 
B1: Basalt with Natural Samples 0.414 183.20 Intercept 9.223 < 0.0001 
      TA 0.003 0.001 
      pCO2 0.000 0.233 
Total CO2 = 88.1176+1.1655E-02*TA-1.0802E-04*pCO2 
B2: Basalt w/o Natural Samples 0.554 176.14 Intercept 38.349 0.808 
      pH 4.291 0.048 
      TDS 30.954 < 0.0001 
Total CO2 = -9.4048+8.9487*pH+163.6941*TDS 
B3: Basalt w/o Natural Samples 0.508 178.67 Intercept 41.157 0.733 
      TA 0.003 < 0.0001 
      pH 4.701 0.021 
Total CO2 = -14.2333+1.3887E-02*TA+11.6653*pH 
Basalt @25⁰C R2 AIC Condition Std Error Pr 
B4: Basalt w/o Natural Samples 0.603 85.36 Intercept 15.862 0.005 
    TDS 75.158 0.003 
      DIC 0.002 0.022 
Total CO2 = 57.6664+291.8851*TDS-4.8208E-03*DIC 
B5: Basalt w/o Natural Samples 0.670 84.99 Intercept 59.518 0.749 
   TDS 494.335 0.087 
    DIC 0.002 0.117 
      TA 0.036 0.212 
Total CO2 = -19.6748+949.3123*TDS-3.4497E-03*DIC-4.9027E-02*TA 
 
 
 Four potential MLR models for the DP peridotite rock type are listed in Table 4.4. 
DP1 and DP2 include samples from both 25 and 200⁰C reactions, and the DP1 includes the 
natural water sample. DP1 has the lowest R
2
 and highest AIC values of the four models. It 
uses pH and TDS as variables, which both have Pr <0.25, but the intercept is >> 0.25. DP2 
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does not include the natural water sample and has R
2
 and AIC values of 0.673 and 79.68 
respectively. DIC and TDS are the variables used in this model and are all significant.  
 DP3 and DP4 used only the 25⁰C samples in their calculation with DP3 including the 
natural water sample. DP3 has R
2
 and AIC values of 0.901 and 46.33, respectively and uses 
pH and pCO2 as variables. All variables in this model are significant. DP4 has R
2
 and AIC 
values of 0.921 and 36.56, respectively and uses TDS and DIC as variables. All the variables 
in this model are significant, as well.  
 DP1 is the least useful model of the four. The statistical parameters of the DP1 are 
inferior to the remaining three models to such a degree that it likely outweighs the 
advantages of easily measurable variables (pH, TDS) and the inclusion of all samples. DP2 
appears to have the widest applicability of the four. Including samples from both 25 and 
200⁰C makes it useful in hydrothermal regimes and all the variables are significant. DP3 is 
the most useful from an industrial perspective, because of its inclusion of pCO2 as a variable 
in the calculation.  
 
Table 4.4: DP Peridotite rock type MLR models. 
DP Peridotite All T R
2
 AIC Condition Std Error Pr 
DP1: DP with Natural Samples 0.452 96.99 Intercept 206.827 0.741 
      pH 22.536 0.220 
      TDS 4.248 0.026 
Total CO2 = -70.1511+29.5005*pH+11.1189*TDS 
DP2: DP w/o Natural Samples 0.673 79.68 Intercept 10.191 <0.0001 
   DIC 0.002 0.028 
    TDS 35.161 0.037 
Total CO2 = 222.7336+5.8869E-03*DIC-85.8319*TDS 
DP Peridotite @25⁰C R2 AIC Condition Std Error Pr 
DP3: DP with Natural Samples 0.901 46.33 Intercept 157.315 0.057 
      pH 17.058 0.018 
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      pCO2 0.000 0.004 
Total CO2 = -417.7354+65.6719*pH+1.3032E-03*pCO2 
DP4: DP w/o Natural Samples 0.921 36.56 Intercept 11.824 0.000 
    TDS 27.602 0.031 
      DIC 0.002 0.026 
Total CO2 = 228.9379-106.3966*TDS+7.1848E-03*DIC 
 
 
 There is only one viable model for the intermediate rock type (Table 4.5). No natural 
water sample was available at this site. I1 uses temperature, TDS, and pCO2 and all variables 
are significant. The model has a very high R
2
 value and the second lowest AIC value of all 
models. This is the most flexible model, because the only required measurement is TDS, 
while temperature and pCO2 can both be varied to suit numerous situations. 
 Three models were calculated for the intermediate rock type (Table 4.5). No natural 
samples were available for this rock type and all variables in all models are significant. I1 
and I2 include samples from both 25 and 200⁰C reactions. I1 has R2 and AIC values of 0.832 
and 31.77 respectively and includes TDS, pCO2 and temperature as variables. I2 has R
2
 and 
AIC values of 0.732 and 44.67, respectively and includes TDS and pCO2 as variables. I3 was 
calculated with only the 25⁰C reaction samples. The R2 and AIC values of this model are 
0.933 and 10.49, respectively. The variables included in this model are pCO2, temperature, 
and TA.  
 I3 has the best statistical values, but is not the most useful model overall. I1 is the 
most viable of the three. This model uses samples from both high and low temperatures, has 
the second best statistical values, and includes only easily measurable (TDS) or predictive 
(pCO2, temperature) variables. These factors give the I1 good potential for designing and 
predicting the outcome of an industrial system.  
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Table 4.5: Intermediate rock type MLR models. 
Intermediate All T R
2
 AIC Condition Std Error Pr 
I1: Intermediate w/o Nat. 0.832 31.77 Intercept 0.670 <0.0001 
      Samples     TDS 2.092 <0.0001 
      pCO2 0.000 <0.0001 
   T 0.004 0.000 
Total CO2 = 9.0138+13.6346*TDS+2.5176E-05*pCO2-1.5578E-02*T 
I2: Intermediate w/o Nat. 0.732 44.67 Intercept 0.507 <0.0001 
      Samples     TDS 2.552 <0.0001 
      pCO2 0.000 <0.0001 
Total CO2 = 6.8503+12.1057*TDS+3.5270E-05*pCO2 
Intermediate @25⁰C R2 AIC Condition Std Error Pr 
I3: Intermediate w/o Nat. 0.933 10.49 Intercept 0.559 <0.0001 
      Samples   pCO2 0.000 <0.0001 
      T 0.004 0.002 
      TA 0.000 <0.0001 
Total CO2 = 8.5065+2.2427E-05*pCO2-1.3895E-02*T+1.6683E-03*TA 
 
 
 Three MLR models were calculated for the websterite rock type (Table 4.6). No 
natural water samples were available at this site. These models have the lowest average R
2
 
and the highest average AIC values. Conversely, all variables fall within the significant and 
nearly significant range. W1 has R
2
 and AIC values of 0.377 and 157.62, respectively and 
includes TDS and DIC as variables. W2 has R
2
 and AIC values of 0.363 and 158.23, 
respectively and includes pCO2 and TA as variables. W3 has R
2
 and AIC values of 0.351 and 
158.77, respectively and includes TDS and pCO2 as variables. There were no viable models 
that use only 25⁰C samples.   
 W1 has the best statistical parameters by a slight margin, but includes DIC as a 
variable, requiring laboratory analysis for Total CO2 calculation and does not have any 
predictive variables. W2 does include a predictive variable (pCO2), but also includes a 
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variable requiring laboratory analysis (TA). W3 has slightly worse statistical parameters than 
the first two, but includes an easily measureable variable (TDS) and a predictive variable 
(pCO2). These factors make the W3 the most useful for determining the potential of a 
websterite system.  
 
Table 4.6: Websterite rock type MLR models. 
Websterite All T R
2
 AIC Condition Std Error Pr 
W1: Web w/o Natural Samples 0.377 157.62 Intercept 4.168 < 0.0001 
      TDS 11.761 0.062 
      DIC 0.001 0.004 
Total CO2 = 110.2318+22.9845*TDS-2.0533E-03*DIC 
W2: Web w/o Natural Samples 0.363 158.23 Intercept 4.107 < 0.0001 
      pCO2 0.000 0.007 
      TA 0.000 0.160 
Total CO2 = 113.0509-1.5607E-04*pCO2-4.6363E-04*TA 
W3: Web w/o Natural Samples 0.351 158.77 Intercept 4.354 < 0.0001 
      TDS 5.154 0.220 
      pCO2 0.000 0.007 
Total CO2 = 113.1406-6.4879*TDS-1.5744E-04*pCO2 
 
 
 The serpentinite rock type has only two viable MLR models (Table 4.7). There are no 
natural samples for this rock type. S1 uses samples from both 25 and 200⁰C reactions and has 
R
2
 and AIC values of 0.410 and 96.99, respectively. The model uses DIC, TA, and 
temperature as variables, which are all nearly significant. S2 uses only samples from 25⁰C 
reactions and has R
2
 and AIC values of 0.689 and 46.16, respectively. This model uses TDS 
and TA as variables, which are all nearly significant.  
 Both serpentinite models have advantages. S2 has better statistical parameters, but 
includes only 25⁰C samples and no predictive variables. S2 has the worse statistical 
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parameters, but includes all reaction samples and has temperature as a variable. S1 would be 
more useful in an environment with potential hydrothermal input and industrial applications 
and S2 would be more useful for modeling a system that is more thermally stable. 
 
Table 4.7: Serpentinite rock type MLR models. 
Serpentinite All T R
2
 AIC Condition Std Error Pr 
S1: Serpentinite w/o Nat.  0.410 96.99 Intercept 30.852 0.000 
       Samples     DIC 0.006 0.049 
   TA 0.007 0.058 
      T 0.212 0.165 
Total CO2 = 185.1016-1.3128E-02*DIC+1.6361E-02*TA-0.3236*T 
Serpentinite @25⁰C R2 AIC Condition Std Error Pr 
S2: Serpentinite w/o Nat. 0.689 46.16 Intercept 26.944 0.005 
       Samples     TDS 475.499 0.110 
      TA 0.030 0.116 
Total CO2 = 206.8388-1069.1434*TDS+0.0655*TA 
 
 
Mixed Lithology Multiple Linear Regression Models 
 MLR models have been created that include all analyzed rock types. The advantage to 
these combined models is in their potential application to a natural system with mixed or 
unknown lithology. MLR models that include measurements from 25 and 200⁰C are listed in 
Table 4.8. MLR models that include only 25⁰C measurements from all rock types combined 
are listed in Tables 4.9 and 4.10. Table 4.9 lists models with natural samples included and 
Table 4.10 excludes natural samples.  
 A1 and A2 (Table 4.8) were calculated using samples from both 25 and 200⁰C 
reactions, as well as all natural samples. A1 has R
2
 and AIC values of 0.299 and 1298.74, 
respectively. The variables used to calculate the model are pH and TA. A2 has R
2
 and AIC 
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values of 0.257 and 1307.84, respectively. The variables used to calculate the model are TA 
and pCO2. These are the only variable combinations that include the natural samples with no 
insignificant variables.  
 A3 and A4 (Table 4.8) do not include the natural samples in their calculations. A3 has 
R
2
 and AIC values of 0.324 and 1262.55, respectively. The variables used in the calculation 
are TDS and pH. A4 has R
2
 and AIC values of 0.323 and 1264.77, respectively. The 
variables used for this model are DIC, TDS, and pCO2. 
 The mixed lithology models that include the natural samples have the worst statistical 
parameters of all MLR models. While all the variables in of these models are significant, the 
exceptionally low R
2
 values and high AIC values suggest that these models would be of little 
use in estimating Total CO2 of a mixed lithology or unknown MAP system. The models that 
do not include the natural samples (A3 and A4) have higher R
2
 values and lower AIC values, 
relative to the other models in Table 4.8. Both A3 and A4 have nearly identical statistical 
parameters, suggesting that either could be used with a particular MAP system. A3 would be 
more useful when trying to determine the natural potential of a system, because it has only 
easily measurable variables (TDS, pH) and lacks any predictive variables. A4 has potential 
use for an industrialized system, because it includes a predictive variable (pCO2).  
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Table 4.8: All rock type combined MLR models with and without natural samples at all 
temperatures. 
Model Conditions R
2
 AIC Condition Std Error Pr 
A1: All T With Natural Samples 0.299 1298.74 Intercept 38.610 0.035 
   pH 4.630 <0.0001 
   TA 0.000 <0.0001 
Total CO2 = -81.9351+19.9367*pH+1.4780E-03*TA 
A2: All T With Natural Samples 0.257 1307.84 Intercept 6.412 <0.0001 
   TA 0.000 <0.0001 
   pCO2 0.000 0.003 
Total CO2 = 88.9719+1.5562E-03*TA-2.3558E-04*pCO2 
A3: All T w/o Natural Samples 0.324 1262.55 Intercept 39.000 0.016 
   TDS 3.051 <0.0001 
   pH 4.689 <0.0001 
Total CO2 = -94.9804+23.3090*TDS+21.4458*pH 
A4: All T w/o Natural Samples 0.323 1264.77 Intercept 6.378 <0.0001 
   DIC 21.287 <0.0001 
   TDS 0.001 0.001 
   pCO2 0.000 0.225 
Total CO2 = 85.7726+93.7834*TDS-4.6439E-03*DIC-1.0546E-04*pCO2 
 
 
 Table 4.9 includes four MLR models that exclude natural samples. A5 uses pH and 
TDS measurements of reacted samples for all rock types and has the highest R
2
 and lowest 
AIC values. The advantage to this model is that both input variables can be measured in the 
field using simple, portable equipment. This allows for rapid estimates of sequestration 
potential on site. The disadvantage to this model is the use of TDS as a variable. While TDS 
is easy to measure, it is also susceptible to fluctuations due to extraneous Na
2+ 
input.  Na
2+
 is 
not a useful divalent cation for CO2 sequestration via the MAP process, but can greatly 
influence a model using TDS.  
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 A6 uses pH and TA measurements as variables. The advantage of this model is that it 
does not suffer from the potential influence of Na
2+
 ions. The disadvantage to this model is 
the requirement of TA measurements. TA cannot be measured accurately in the field and will 
require appropriate sampling techniques and laboratory measurement via titration.  
 A7 and A8 use pCO2 in place of pH for the calculations. Using pCO2 in the 
calculation increases the flexibility of these models.  pCO2 can be varied to create a series of 
Total CO2 values, representing how fluids with various concentrations of dissolved CO2 
added to the system can affect the site’s potential. The main drawback to these models is that 
they are less representative than those using pH.  
 
Table 4.9: All rock types combined MLR models without natural water samples at 25⁰C. 
Model Conditions R
2
 AIC Condition Std Error Pr 
A5: Without Natural Samples 0.499 578.397 Intercept 41.513 0.031 
        @25⁰C     pH 5.117 < 0.0001 
      TDS 2.898 < 0.0001 
Total CO2 = -91.7160+21.3060*pH+21.6374*TDS 
A6: Without Natural Samples  0.484 580.540 Intercept 42.158 0.035 
        @25⁰C     TA 0.000 < 0.0001 
      pH 5.199 0.0001 
Total CO2 = -90.7507+1.3993E-03*TA+21.3784*pH 
A7: Without Natural Samples  0.442 586.056 Intercept 10.121 < 0.0001 
        @25⁰C     TDS 3.138 < 0.0001 
      pCO2 0.000 0.005 
Total CO2 = 94.0880+22.5355*TDS-2.4442E-04*pCO2 
A8: Without Natural Samples  0.429 587.621 Intercept 10.187 < 0.0001 
        @25⁰C     TA 0.000 < 0.0001 
      pCO2  0.000 0.004 
Total CO2 = 96.0561+1.4687E-03*TA-2.5167E-04*pCO2 
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 There are four MLR models (A9-A12) that include natural water samples with the 
aqueous reaction samples (Table 4.10). As with the individual rock type models, inclusion of 
natural samples should result in a model that more accurately represents the natural system. 
Contrary to the models without natural samples, the model created with TA and pH (A9) is 
the most representative of the sequestration system when natural water samples are included 
and the TDS and pH model (A10) is the second most representative. Much like the individual 
rock type models, this is likely a direct result of the elevated TDS value in the natural CS 
sample (1290 ppm). This sample is from 1-3 orders of magnitude greater than all other 
natural water samples. A11 and A12 follow the same trend as A9 and A10. A11 uses TA and 
pCO2 and A12 uses TDS and pCO2. All the models in Table 4.8 have very similar AIC 
values, but the R
2
 values range more widely, from 0.466 to 0.394. 
 
Table 4.10: All rock type combined MLR models with natural water samples at 25⁰C. 
Model Conditions R
2
 AIC Condition Std Error Pr 
A9: With Natural Samples  0.466 613.020 Intercept 40.887 0.067 
        @25⁰C     TA 0.000 < 0.0001 
      pH 4.996 0.0003 
Total CO2 = -76.1016+1.4034E-03*TA+19.1915*pH   
 
  
A10: With Natural Samples  0.430 617.895 Intercept 41.894 0.164 
          @25⁰C     pH 5.137 0.001 
      TDS 2.928 < 0.0001 
Total CO2 = -58.9403+16.9937*pH+19.6512*TDS   
 
  
A11: With Natural Samples  0.422 618.921 Intercept 9.636 < 0.0001 
          @25⁰C     TA 0.000 < 0.0001 
      pCO2 0.000 0.006 
Total CO2 = 92.6522+1.4714E-03*TA-2.3493E-04*pCO2 
 
  
A12: With Natural Samples  0.394 622.351 Intercept 9.961 < 0.0001 
         @25⁰C     TDS 3.090 < 0.0001 
      pCO2 0.000 0.015 
Total CO2 = 90.0109+20.7817*TDS-2.0644E-04*pCO2 
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Conclusions 
 Mixed fluid-rock-gas batch reaction experiments performed on seven separate 
olivine-bearing rock types have exhibited similarities to their natural counterparts of varying 
degrees. The high-CO2, 25⁰C reaction condition was the most analogous to the natural 
system across all variables and rock types. The low-CO2, 25⁰C and high-CO2, 200⁰C reaction 
conditions were similar for some variables and rock types and the low-CO2, 200⁰C condition 
exhibited the least similarity to the natural system.  
 The extensive economic and analytical commitments required to adequately assess 
the in-situ sequestration potential mafic and ultramafic deposits means finding ways to limit 
these requirements are very important. Using a single analyte as a proxy for others would 
significantly reduce these requirements. Total alkalinity is related to many of the other 
chemical constituents of a naturally sequestering system. 
  TA works well as a proxy for TDS in most cases, with an exceptional linear 
relationship (R
2
>0.96). Unfortunately, TA cannot always be used as a proxy for TDS. The 
CS peridotite field site had [Na
2+
] at least an order of magnitude higher than all other sites, 
due to mixing with formation brines from regional hydrothermal systems (Fehn et al., 1992). 
This high [Na
2+
] meant the TA for this system did not follow the same linear trend as all 
other sites. TA is also a poor proxy for pH. The pH of a system appears to depend mostly 
upon the concentration of carbonic acid within these systems. This carbonic acid does not 
appear to control TA in the same fashion. Therefore, multiple analytes must still be used to 
assess a systems potential, but this may be reduce by applying various multiple linear 
regression (MLR) models produced from the results of this investigation. 
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 MLR models produced for both individual rock types and mixed or unknown 
lithologies have varying potential. The MLR models for the individual rock types could be 
used in situations where the rock type is well known. Different variables provide different 
advantages and disadvantages for the usage of the models. Some variables are more easily 
measured (TDS, pH vs. TA, DIC), while others can be used to predict the potential Total 
CO2 sequestered by an industrially altered system by varying the values (pCO2, T).  
 The TDS values from the natural CS peridotite sample show that this variable should 
be used only under certain circumstances. The high natural TDS of the CS peridotite sample 
led to inaccuracies within models that used this sample. Therefore, while TDS models can be 
easier to use for field approximations of sequestration potential, measurements from sites 
with abnormally high TDS values should be applied to models using TA instead of TDS.  
 Temperature can be advantageous in a predictive model. Hydrothermal systems may 
have especially high potential for in-situ sequestration. Higher temperatures have been shown 
to increase the extent of reaction in previous reactor experiments (O’Connor et al., 2005). 
Models that include temperature can be used to more accurately predict the potential of 
hydrothermal systems with varying temperature regimes as well as account for changes in 
temperature with depth.  
 Use of pCO2 within a MLR model provides the opportunity to determine the 
sequestration potential of an in-situ site that may be used with an industrially controlled 
system. Adjusting the concentration of dissolved CO2 within the reacting fluid can optimize 
the rate of carbonation within a sequestration system.  
 Ex-situ use of the MAP process for CO2 sequestration is currently a cost inefficient 
system (O’Connor, 2005). This increases our need for an alternative sequestration process 
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while the efficiency of the ex-situ process is improved. In-situ MAP sequestration is the 
logical alternative. The reactions performed here and the numerical models produced have 
the potential to easily and quickly model the optimal carbon sequestration potential of a 
mafic/ultramafic site and may lead to in-situ mineralization becoming an economically viable 
method of sequestering industrially produced CO2.  
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CHAPTER 5: CONCLUSIONS 
 
 Since the sequestration via mineralization process was initially proposal by Seifritz 
(1990), investigators have been trying to determine the ideal mineral assemblages 
(Gerdemann et al., 2003; O’Connor et al., 2004), optimal reactor designs (Park and Fan, 
2004; Penner et al., 2005), and the ideal reaction conditions (Gerdemann et al., 2003) to 
maximize the efficiency of the ex-situ mineralization via aqueous precipitation (MAP) 
process and make it an economically and industrially viable CO2 sequestration process. The 
intention of this research was to determine the viability of various mafic and ultramafic rock 
deposits throughout the United States for both ex-situ and in-situ CO2 sequestration via the 
MAP process. 
  
Objective #1: Conduct laboratory batch reactions to constrain the kinetics of 
intermediate/mafic/ultramafic fluid-rock-CO2 reactions under various CO2 and 
temperature scenarios.  
 
 The four reaction conditions tested (25⁰C, low-CO2; 25⁰C, high-CO2; 200⁰C, low-
CO2; 200⁰C, high-CO2) (low-CO2 average = 44.69 ppm, high-CO2 average = 78674.7 ppm) 
cover the major reaction condition ranges from near-natural conditions (25⁰C, low-CO2) to 
highly industrialized conditions (200⁰C, high-CO2). The other conditions analyzed (200⁰C, 
low-CO2 and 25⁰C, high-CO2) could be considered to represent natural hydrothermal 
systems and low-energy industrial systems respectively.
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 Throughout the 2-week reactions, all rock types increased their sequestration 
potential (g CO2 Sequestered/kg Rock) under most conditions (Figure 5.1, Table 5.1). The 
25⁰C, low-CO2 were ideal for the serpentinite rock type. The 200⁰C, low-CO2 conditions 
were ideal for the dunite, websterite, and basalt rock types. The 25⁰C, high-CO2 conditions 
were ideal for the intermediate and peridotite rock types. Notably, the 200⁰C, high-CO2 
conditions did not maximize the potential for any of the reacted rock types. 
 This inconsistency of optimum conditions across rock types is an indication that there 
is no single best option for all rock types and that there are many different sequestration 
systems that may be useful for industrial sequestration and could make these systems 
significantly more flexible. Serpentinite, for example would be a primary choice for low 
temperature in-situ sequestration systems. Dunite, websterite, and basalt would perform best 
in a hydrothermal in-situ sequestration system. The intermediate and peridotite rock types 
would be ideal under low temperature ex-situ industrial systems. The low temperature, high-
CO2 conditions are ideal for an ex-situ sequestration system, because it minimizes the 
required energy input and maximizes the CO2 input. 
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Table 5.1: Total CO2 sequestered (g CO2 sequestered/kg Source Rock) for each 336 hour 
sample under all conditions.  
Rock Type CO2 Temperature (⁰C) 
Total 
CO2 
Intermediate 
low 25 10.41 
low 200 7.56 
high 25 21.79 
high 200 12.72 
Dunite 
low 25 28.4 
low 200 70.6 
high 25 57.6 
high 200 59.7 
Websterite 
low 25 103.62 
low 200 126.6 
high 25 105.27 
high 200 95.78 
Basalt 
low 25 145.86 
low 200 206.65 
high 25 189.18 
high 200 160.72 
Serpentinite 
low 25 243.72 
low 200 174.67 
high 25 135.73 
high 200 139.36 
DP Peridotite 
low 25 187.33 
low 200 235.74 
high 25 285.86 
high 200 213.16 
CS Peridotite 
low 25 203.74 
low 200 214.03 
high 25 291.42 
high 200 224.88 
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 The LOI/LOA results showed significant concentrations of carbonate material already 
present within the source material, which came from natural reaction with surrounding 
environement. Conversely, the relatively high initial Total CO2 values for each rock type 
(Figure 5.1) do not represent only newly sequestered CO2. These high values are indicative 
of solid carbonate material already present within the source material.  
 
 
Figure 5.1: Total CO2 sequestered versus time for all treatments. 
 
 SEM analyses produced evidence of dissolution of high [Mg
2+
], low [Si
2+
] material 
(Figure 5.2). This material represents the MgCO3 initially present within the source material. 
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Figure 5.2A highlights the MgCO3 present within the CS peridotite source material. 5.2B 
shows a grain that has reacted for 6 hours with apparent dissolution features of the initial 
MgCO3 material. If no additional carbonate material were being produced over time, the 
Total CO2 values would progressively decrease. As this is not the case, there must be new 
carbonate material being produced. 
 Carbonate was expected to be precipitated on the rims and within voids of reacting 
grains. There is no conclusive evidence of rim precipitation and void precipitation appears to 
be limited, although this phenomenon could simply be due to sample preparation techniques. 
 There are multiple lines of evidence for mineral replacement within grains. SEM 
micrographs combined with EDS  analysis and X-ray mapping reveal areas within grains 
where the Mg/Si ratio has increased over time (for example, see Figure 5.3). The lighter areas 
of this reacted serpentinite grain coincide with areaconataining Mg, but no Si. This suggests 
these portions of the grain have been replaced with MgCO3.  
 
 
Figure 5.2: Scanning electron micrographs of CS peridotite grains. A. CS peridotite source 
material. Boxed area indicates MgCO3 precipitate. B. CS 200 high-CO2 6 hour reacted 
material. Boxed area indicates locations of dissolving MgCO3 precipitate.  
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Figure 5.3: SEM micrograph and EDX map of Mg and Si for a grain from the Serp 200 low-
CO2 336 hour sample.  
 
 Some of the rock types formed large agglomerate grains during the experimental 
process. These were cemented by fine mineral precipitates which could be another possible 
location for the carbonate revealed by the LOI/LOA analyses. This SEM micrograph from 
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the Bas 200 high-CO2 168 hour sample is an example of one such conglomerate (Figure 5.4). 
It is not unreasonable to think precipitation of carbonate between fine grains within the 
reactors could cement them into larger grains. Unfortunately, the resolution of the EDX 
mapping is insufficient to determine if the Mg/Si ratio of the interstitial cement is high 
enough to conclusively confirm the presence of MgCO3. These large conglomerate grains 
can also be used as an explanation of why not all reactions exhibit the expected progressive 
decline in grains size over time.  
 
  
Figure 5.4: SEM micrograph of a conglomerate grain from the Bas 200 high-CO2 168 hour 
sample. 
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 Grain size is another variable of these reactions that did not progress as assumed in all 
cases. Constant physical abrasion and chemical weathering within the reactors was expected 
to result in the overall decline in average grain size (D50) of the reacting material. The 
intermediate, basalt and, in most cases, dunite rock types do show an overall reduction in 
D50 grain size (Figure 5.5). The D50 grain size increases over time for some reactions of the 
websterite, serpentinite, DP peridotite, and CS peridotite rock types (Figure 5.6). These 
results do appear to substantiate the creation of the large conglomerate grains seen in the 
SEM analyses, but  uncertainty remains, as laser particle size analyses were run without the 
addition of a deflocculating agent, possibly resulting in incorrect grain size results. In 
addition, the high degree of physical and chemical weathering occurring within the reactors 
could have created a significant quantity of clay,which could potentially have resulted in 
some flocculation of grains during the particle size analysis.   
 Despite this, the combination of D50 grain size results and the SEM micrographs 
make it clear that there is at the very least some degree of grain size agglomeration occurring 
within some of the reactors.  
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Figure 5.5: Change in D50 for the intermediate, basalt, dunite, websterite, and serpentinite 
rock types throughout each batch reaction.  
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Figure 5.6: Change in D50 for the CS peridotite and DP peridotite rock types throughout 
each batch reaction.   
  
 The data and images from these experiments indicate that each rock type reacts in a 
highly variable manner under the four reaction conditions. Gerdemann et al. (2003) 
determined ~180⁰C to be the ideal reaction temperature for peridotites in a MAP system. The 
results of this study show that this is not the case for all peridotites and that these conditions 
are certainly not necessary for MAP in other olivine-containing lithologies. The results 
presented here clearly show there is potential for in-situ and ex-situ MAP reaction systems 
that do not require the parasitic energy input needed to increase reaction temperature to 
180⁰C.  
 The removal of temperature elevation from a MAP reaction increases its’ efficiency 
significantly and could expand the usefulness of some rock types and deposits that may 
require additional energy expense for mining and preprocessing. The potential of in-situ 
sequestration appears greater than originally thought as well. Expansion of usable rock types 
to those with lower olivine content (i.e. intermediates) and exploitation of natural water 
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systems at ambient temperatures could greatly increase the range and scope of in-situ MAP 
sequestration. 
 
 Objective #2: Analyze the carbonate and cation geochemistry of high-pH spring waters 
issuing from mafic/ultramafic deposits to assess the viability of these rock deposits 
as in-ground sites for sequestering and storing anthropogenic CO2 as carbonate 
minerals. 
 
 Adequate alkalinity and available divalent cations are paramount to any MAP 
sequestration system, whether it is natural or industrial. These requirements are what 
originally drew investigators to consider mafic and ultramafic rocks as potential reactants for 
CO2 sequestration. Ex-situ application of these rock types is fairly well understood, but how 
these results compare to their natural counterparts is not.  
 The comparison of TA and Total CO2 samples across natural and all experimental 
conditions (Figures 5.7 and 5.8) will indicate how well these natural systems could perform 
as an in-situ sequestration site under varied conditions. It is readily apparent the 25⁰C, high-
CO2 conditions are most similar to the natural system for both TA and Total CO2, as 
indicated by the proximity of the points on the graph to the linear fit line, suggesting these 
conditions would be optimal for in-situ sequestration. This is especially encouraging, as it 
limits the parasitic energy required to increase the reaction temperature within the system and 
indicates good potential performance with elevated levels of CO2 input.  
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Figure 5.7: Comparison of TA found in natural water samples and the four reaction 
conditions. The line is a linear fit for all data. 
 
 TA for each rock type analyzed in this investigation with a natural counterpart is 
located relatively close to the linear fit line (Figure 5.7). This indicates the addition of high 
concentrations of CO2 to a naturally sequestering system would not adversely affect the TA 
of the system. The TA for three of the four rock types is orders of magnitude higher in the 
reactors and the basalt is nearly identical. This increase would only improve the potential of a 
natural system. 
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Figure 5.8: Comparison of the Total CO2 sequestered in natural samples and the four reaction 
conditions. 
 
 The Total CO2 sequestered by the four rock types with natural counterparts, again 
mimic the natural system best under 25⁰C, high-CO2 conditions (Figure 5.8). Unlike TA, the 
increase in Total CO2 is not as dramatic, but all four rock types do sequester more carbonate 
under the altered reaction conditions than they do under their natural conditions.  
 Sequestration cannot occur without all the chemical constituents of carbonate 
minerals. Therefore, available divalent cations in the reacting fluids are required for any 
MAP sequestration system to progress. Table 5.2 lists [Ca
2+
],[Mg
2+
], and [Fe
2+
] for the 
natural waters as well as all final 25⁰C, high-CO2 reactions. Divalent cations are found in the 
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reacted fluids in concentrations orders of magnitude higher than in the natural waters. This is 
yet another indication that addition of high-CO2 fluids to a naturally sequestering system will 
only increase its efficacy.  
 
Table 5.2: Divalent cation concentrations for 25⁰C, high-CO2 reaction samples and natural 
samples.  
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2+
](mg/L) 0.9 5.8 8.9 9.8 19.9 3.6 1.0 15.6 0.5 5.7 7.8 
[Mg
2+
](mg/L) 0.0 6.2 136 213 10.9 84.0 116 7.0 91.7 2695 2430 
[Fe
2+
](mg/L) 0.0 0.01 0.02 0.04 39.4 0.04 0.03 0.0 0.05 1.21 0.33 
  
 It is apparent that the introduction of fluids with industrially elevated concentrations 
of dissolved CO2 at a natural temperature to a mafic/ultramafic rock deposit would increase 
the systems MAP sequestration potential. This could have far reaching impacts on the 
implementation of the MAP sequestration system, because it suggests that addition of energy 
in the form of heat may not be necessary to create the conditions sufficient for significant 
sequestration. 
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Objective #3: Investigate the isotopic/elemental geochemistry and carbonate mineralogy 
of secondary carbonate deposits within natural ophiolite sequences to determine the 
sources of groundwater, alkalinity and divalent cations that are involved in the 
precipitation of these carbonates. 
 
 The comparison of natural and reacted water samples suggests in-situ exploitation of 
mafic and ultramafic rock deposits is a chemically viable process, but questions remain 
regarding its physical viability. There are indications that fracture sealing, caused by 
precipitation within the subsurface could potentially passivate the system by constricting 
fluid flow (Arcilla et al., 2011). Secondary carbonate precipitates within mafic and ultramafic 
deposits can be used to determine the movement and origin of water within the subsurface 
and determine whether or not the system has experienced fracture sealing induced 
passivation. Analyses of elemental and isotopic chemistries were used to determine the rock 
types the Del Puerto Ophiolite groundwater system has been in contact with as well as the 
original source of the reacting fluid (Jones et al., 2011; USGS and Davis, 1961; Walther, 
2009).  
 Comparison of 1/[Sr
2+
] and 
87
Sr/
86
Sr ratios within secondary carbonates is used to 
trace the development of the aquifer that the carbonates precipitated from (Figure 5.9). The 
samples from a large carbonate vein found within the Del Puerto Ophiolite indicate the 
waters flowing through the DPO have been influenced by multiple lithologies and water 
sources over time. These samples have created a three end-member mixing model that points 
to the source of the carbonate in the DPO system as a fluid that transitioned from primarily 
meteoric water to one controlled by interactions with ancient marine limestone and then 
ultramafic rock.  
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Figure 5.9: 87Sr/86Sr verses 1/Sr. 1/Sr is the inverse measure of the Sr concentration. The 
arrows indicate the increasing aqueous chemical control from different rock:water 
interactions (meteoric water, ultramafic rock, and ancient marine carbonate).  
 
 The addition of elemental concentrations ([Ca2+], [Mg2+], and [Ba2+]) to Figure 5.10 
reinforces the conclusions drawn from the 1/[Sr2+] and 87/86Sr ratios. The colors are used to 
indicate the presumed primary influence on the aqueous chemistry of the precipitating fluids 
(blue = meteoric water, yellow = ultramafic rock, and green = marine carbonate). Elevated 
[Ba2+] indicates a marine carbonate source while elevated [Ca2+] could suggest ultramafic or 
marine carbonate influence. High concentrations of [Mg2+] could be indicative of ultramafic 
rocks, or these elevated concentrations of Mg2+ could also originate from highly weathered 
soils through which meteoric water has passed. 
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Figure 5.10: 87Sr/86Sr versus 1/Sr versus relative elemental concentration. The colors indicate 
the three predicted main geochemical controls (blue = meteoric water, yellow = ultramafic 
rock, green = ancient carbonate rock). The data point size indicates the relative concentration 
within each element (Mg, Ca, and Ba). A shows the relative [Mg2+] concentrations of each 
sample. B shows the relative [Ca2+] concentrations of each sample. C shows the relative 
[Ba2+] concentrations of each sample. The dashed lines define the quadrants of the three main 
geochemical controls.  
 
 The elemental and isotopic geochemistry of the secondary carbonates all indicate 
there have been significant changes in fluid flow throughout the life of the aqueous system 
within the DPO. This fluid flow is unlikely to have been caused by simple changes in fluid 
volumes, but more likely fracture sealing and directional flow changes within the subsurface. 
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While this may suggest precipitation has the potential to clog aqueous flow paths, it also 
suggests these natural sequestration systems have the ability to adjust to the fracture sealing 
and continue to sequester CO2.  
 
Objective #4: Develop numerical models from natural and experimentally derived data 
to be used for rapid assessment of sequestration potential of a mafic or ultramafic 
rock deposit. 
 
 The final goal of this work was to create a simple method by which investigators 
could determine the sequestration potential of a mafic or ultramafic rock deposit. This is an 
important resource for MAP sequestration going forward, as it has the prospect of removing 
the costly step of extensive laboratory analysis that is currently required before a rock deposit 
can be considered a viable candidate for MAP sequestration.  
 Multiple linear regression (MLR) models can be used to predict the sequestration 
potential of each rock type (Total CO2), by making use of several geochemical variables 
taken from the analyses of the natural and reacted water samples from this work. Each model 
is different and relies on variables that maximize their fit (R
2
) and overall representation of 
the system (AIC), such that higher R
2
 and lower AIC values are better (Zar, 1999). The ‘best’ 
MLR model available for each individual rock type across all temperatures is listed in Table 
5.3. Which model is considered best is rather subjective and depends more on individual 
situations and analytical resources. The models chosen here were based on coverage of full 
temperature range, limitation of analytical burden, and potential usefulness in an industrial 
system. 
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 Some models require only two input variables (websterite, DP, basalt), while others 
require more (dunite, CS, intermediate, and serpentinite). Some models include the predictive 
variables pCO2 and Temperature (dunite, basalt, intermediate, serpentinite). Finally, rock 
types with an available natural sample have had them used in the calculation (basalt, dunite, 
DP, CS). There is a tradeoff in model applicability when using natural samples. Although 
fewer variables in a MLR model means fewer geochemical analyses are required, the results 
may not be as representative of the true sequestration potential of the deposit in question, and 
vice versa.  
 The variability in each MLR model shows why assessing the potential of these 
lithologies is such a difficult process. Until now, any deposit of a type listed in Table 5.3 
would require a full geochemical assay and possibly a series of reaction experiments to 
determine its potential. By applying the models created here, we can now calculate an 
approximation of the sequestration potential of any other deposit of these rock types.  
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Table 5.3: Multiple linear regression models for individual rock types.  
Dunite R
2
 AIC Websterite R
2
 AIC 
Dunite with Natural Samples 0.528 142.01 Web w/o Natural Samples 0.377 157.62 
Total CO2 = -61.5649+9.34148* pH+8.4326E-04* 
TA+8.7595E-02*T+7.0499E-05*pCO2 
Total CO2 = 110.2318+22.9845*TDS- 
                      2.0533E-03*DIC 
CS Peridotite R
2
 AIC DP Peridotite R
2
 AIC 
CS with Natural Samples 0.936 75.47 DP with Natural Samples 0.452 96.99 
Total CO2 = 217.8029-29.1452*TDS+ 
                     2.8851E-03*TA 
Total CO2 = -70.1511+29.5005*pH+ 
                     11.1189*TDS 
Basalt R2 AIC Intermediate R2 AIC 
Basalt with Natural Samples 0.414 183.2 
Intermediate w/o Natural 
Samples 
0.832 31.77 
Total CO2 = 88.1176+1.1655E-02*TA-       
1.0802E-04*pCO2 
Total CO2 = 9.0138+13.6346*TDS+ 
                     2.5176 E-05*pCO2-1.5578E-02*T 
Serpentinite R
2
 AIC 
Serpentinite w/o Natural 
Samples 
0.410 96.99 
Total CO2 = 185.1016-1.3128E-02*DIC+ 
                     1.6361E-02*TA-0.3236*T 
 
 
 The lithology of a specific deposit may not always be known or it may be of mixed 
mineralogy. In this situation, a more general MLR model is needed. Table 5.4 lists four MLR 
models that include all reaction samples into a single model (with and without natural 
samples). Each model includes only two or three variables and each combination has 
advantages and disadvantages.  
 Models that include TDS as a variable are the easiest to calculate, because it can be 
measured with a simple field probe. The disadvantage to TDS measurements is they are 
susceptible to contamination from non-ultramafic sources, such as formation brines and 
 
 
214 
 
evaporite deposits. Models that use TA in place of TDS do not suffer this problem, but TA 
requires laboratory titration for accurate measurement. Adding an additional variable, like 
DIC, increases the coverage of the model, but DIC requires laboratory analysis. pH is useful 
in a model, because it can be easily and reliably measured in the field with a simple probe. 
Adding pCO2 allows for estimates of sequestration potential using an industrially modified 
process. By varying the expected pCO2 input for an in-situ sequestration system, a range of 
potential CO2 sequestration values can be produced. Temperature can also be varied in an 
industrial process to alter the sequestration. 
 Each model in 5.4 has a very low R
2
 and very high AIC value. These results are 
unsurprising, because of the wide range of rock types and temperatures used in their 
calculation. Even though these models appear very unrepresentative, they can still be useful 
for a rough, initial approximation that may be used to determine if more intensive 
investigation would be sensible.  
 
Table 5.4: All inclusive MLR models including samples of all temperatures in their 
calculation. 
Model Conditions R
2
 AIC 
All T With Natural Samples 0.299 1298.74 
Total CO2 = -81.9351+19.9367*pH+ 
                     1.4780E-03*TA 
All T With Natural Samples 0.257 1307.84 
Total CO2 = 88.9719+1.5562E-03*TA- 
                     2.3558E-04*pCO2 
All T w/o Natural Samples 0.324 1262.55 
Total CO2 = -94.9804+23.3090*TDS+ 
                     21.4458*pH 
All T w/o Natural Samples 0.323 1264.77 
Total CO2 = 85.7726+93.7834*TDS- 
                     4.6439E-03*DIC-1.0546E-04*pCO2 
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 A way to potentially increase the usefulness of an all-inclusive MLR model is to limit 
the temperature range of the samples used in the calculations. The models in Table 5.5 
should only be used in situations where it is known that there is little to no temperature 
variation of the aquifer with depth or there is no hydrothermal influence. Much like the 
previous models, each of these models has a varying degree of usefulness depending upon 
the included variables. The first four models would be most useful for estimation of 
sequestration potential of system not industrially modified. The final four models include 
pCO2 in place of pH and can thus be used to estimate the potential of a system over a wide 
range of input pCO2 concentrations. 
 
Table 5.5: All inclusive MLR models for estimation of sequestration potential of an unknown 
or mixed lithology at only 25⁰C.  
All Rock Types w/o  
Natural Samples 
R
2
 AIC 
All Rock Types with 
Natural Samples 
R
2
 AIC 
pH and TDS @ 25⁰C 0.499 578.40 TA and pH @ 25⁰C 0.466 613.02 
Total CO2 = -91.7160+21.3060* pH+ 
21.6374*TDS 
Total CO2 = -76.1016+1.4034E-03* 
TA+19.1915*pH 
pH and TA @ 25⁰C 0.484 580.54 TDS and pH @ 25⁰C 0.430 617.90 
Total CO2 = -90.7507+1.3993E-03* 
TA+21.3784*pH 
Total CO2 = -58.9403+16.9937* 
pH+19.6512*TDS 
TDS and pCO2 @ 25⁰C 0.442 586.06 TA and pCO2 @ 25⁰C 0.422 618.92 
Total CO2 = 94.0880+22.5355*TDS-          
2.4442E-04*pCO2 
Total CO2 = 92.6522+1.4714E-03*TA- 
2.3493E-04*pCO2 
TA and pCO2 @ 25⁰C 0.429 587.62 TDS and pCO2 @ 25⁰C 0.394 622.35 
Total CO2 = 96.0561+1.4687E-03*TA-      
2.5167E-04*pCO2 
Total CO2 = 90.0109+20.7817*TDS-    
2.0644E-04*pCO2 
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 All of the models listed in Tables 5.3 – 5.4 have uses for differing situations. They 
cover a wide range of individual lithologies, from intermediate rocks not normally 
considered useful for the MAP process, to basalts, the most widely available mafic rock in 
the world, to various ultramafic rocks. These models also cover situations where a rock body 
is unknown or has a mixed lithology, but is thought to hold some potential for future in-situ 
MAP exploitation. Some models can even be manipulated and used to design a potential 
industrial sequestration process. By using these models, future scientists may be able quickly, 
easily, and costs effectively assess locations for eventual MAP sequestration of 
anthropogenic CO2. 
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APPENDIX A: SEM-EDS PROBE ANALYSES 
 
Table A.1: Mg/Si ratios for basalt source material.  
Grain Select Points Overall 
Grain 1 1.945 1.945 
Grains 2,3 1.855 1.999 
Grain 4 1.775 3.028 
Grain 5 1.767 3.063 
Average 1.835 2.509 
 
 
Table A.2: Mg/Si ratios for all probe points, targeted average, and average ratio for grain 4 of 
the basalt source material (Figure 2.31). 
Probe Point  Mg/Si 
1 N/A 
2 1.59 
3 1.67 
4 1.80 
5 1.83 
6 3.96 
7 2.50 
8 1.61 
9 2.39 
10 10.71 
11 1.63 
12 7.30 
13 1.88 
14 1.67 
15 2.53 
16 1.57 
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17 4.48 
18 2.36 
Targeted Avg 1.775 
Overall Avg 3.028 
 
 
Table A.3: Mg/Si ratios for dunite source material.  
Grain Select Points Overall 
Grain 1 1.553 1.757 
Grain 2 0.310 0.310 
Grain 3 0.395 0.395 
Grain 4 0.389 0.389 
Grain 5 N/A N/A 
Average 0.662 0.713 
 
 
Table A.4: Mg/Si ratios for all probe points, targeted average, and average ratio for grain 4 of 
the dunite source material (Figure 2.32). 
Probe Points  Mg/Si 
1 N/A 
2 N/A 
3 0.459 
4 N/A 
5 0.369 
6 0.370 
7 0.374 
8 0.374 
Targeted Avg 0.389 
Overall Avg 0.389 
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Table A.5: Mg/Si ratios for websterite source material.  
Grain Select Points Overall 
Grain 1 1.337 1.337 
Grain 2 1.499 1.499 
Grain 3 1.250 1.250 
Grain 4 1.548 1.548 
Grain 5 1.391 1.391 
Average 1.405 1.405 
 
 
Table A.6: Mg/Si ratios for all probe points, targeted average, and average ratio for grain 2 of 
the websterite source material (Figure 2.33). 
Probe Points  Mg/Si 
1 1.44 
2 1.47 
3 1.497 
4 1.796 
5 1.449 
6 1.524 
7 1.408 
8 1.422 
9 1.525 
10 1.451 
Targeted Avg 1.499 
Overall Avg 1.499 
 
 
Table A.7: Mg/Si ratios for DP peridotite source material.  
Grain Select Points Overall 
Grain 1 1.136 1.136 
Grain 2 0.785 0.785 
Grain 4 1.406 1.406 
Grain 5 1.481 1.719 
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Average 1.202 1.262 
 
 
Table A.8: Mg/Si ratios for all probe points, targeted average, and average ratio for grain 5 of 
the DP peridotite source material (Figure 2.34). 
Probe Points  Mg/Si 
1 1.889 
2 1.873 
3 1.338 
4 1.503 
5 1.547 
6 1.890 
7 1.896 
8 1.514 
9 1.504 
10 1.901 
11 2.051 
Select Avg 1.481 
Overall Avg 1.719 
 
 
Table A.9: Mg/Si ratios for CS peridotite source material. 
Grain Select  Points Overall 
Grain 1 1.075 1.075 
Grains 2,3 1.151 3.596 
Grain 4 0.982 1.224 
Grain 5 1.289 6.791 
Average 1.124 3.172 
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Table A.10: Mg/Si ratios for all probe points, targeted average, and overall average ratio for 
grain 5 the CS peridotite source material (Figure 2.35). 
Probe Points  Mg/Si 
1 1.273 
2 1.301 
3 9.141 
4 20.95 
5 1.293 
Select Avg 1.289 
Overall Avg 6.791 
 
 
Table A.11: Mg/Si ratios for serpentinite source material.  
Grain Select Points Overall 
Grain 1 1.364 1.364 
Grain 2 1.436 1.436 
Grains 3,4 1.438 1.438 
Grain 5 1.465 1.465 
Average 1.426 1.426 
 
 
Table A.12: Mg/Si ratios for all probe points, targeted average, and average ratio for grains 5 
and 6 of the serpentinite source material (Figure 2.36). 
Probe Point  Mg/Si 
1 1.191 
2 1.456 
3 1.534 
4 1.460 
5 1.499 
6 1.491 
7 1.351 
Select Avg 1.426 
Overall Avg 1.426 
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Table A.13: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the Basalt 200⁰C high-CO2168 hour grain in Figure 2.37. 
 
Probe Point  Mg/Si 
1 1.108 
2 1.226 
3 1.357 
4 1.388 
5 1.402 
6 1.395 
7 1.387 
8 1.225 
9 1.393 
10 1.335 
11 1.365 
Total Avg 1.326 
% Change 
From Source 
-28% 
 
 
Table A.14: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the Dunite 200⁰C low-CO2 336 hour grain in Figure 2.39. 
Probe Point  Mg/Si 
1 0.495 
2 0.947 
3 0.889 
4 0.338 
5 0.361 
6 0.320 
7 0.566 
8 0.375 
9 0.852 
10 0.387 
11 0.383 
Total Avg 0.538 
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% Change 
from Source 
-19% 
 
 
Table A.15: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the Websterite 200⁰C low-CO2 168 hour grain in Figure 2.40. 
Probe Point  Mg/Si 
1 1.455 
2 1.816 
3 1.836 
4 1.848 
5 1.825 
6 1.595 
Total Avg 1.729 
% Change 
from Source 
23.6% 
 
 
Table A.16: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the DP Peridotite 25⁰C low-CO2 6 hour grain in Figure 2.41. 
Probe Point  Mg/Si 
1 1.638 
2 6.070 
3 8.271 
4 1.594 
5 1.580 
6 2.311 
7 1.600 
8 1.510 
9 1.577 
10 4.663 
11 N/A 
12 4.778 
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13 2.507 
14 1.850 
Total Avg 3.073 
% Change 
from Source 
145% 
 
 
Table A.17: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the DP Peridotite 25⁰C low-CO2 6 hour grain in Figure 2.42. 
Probe Point  Mg/Si 
1 1.593 
2 1.619 
3 1.596 
4 7.696 
5 10.46 
6 1.885 
7 1.874 
8 4.901 
9 3.532 
10 7.630 
11 N/A 
12 N/A 
Total Avg 3.592 
% Change 
from Source 
187% 
 
 
Table A.18: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the CS Peridotite 25⁰C high-CO2 336 hour grains in Figure 2.43. 
Probe Point  Mg/Si 
1 1.896 
2 1.511 
3 1.515 
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4 1.516 
5 1.508 
6 1.455 
7 0.568 
8 1.492 
9 1.512 
10 0.542 
11 1.473 
12 1.888 
13 2.004 
14 1.512 
Total Avg 1.456 
% Change 
From Source 
30% 
 
 
Table A.19: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the CS Peridotite 25⁰C high-CO2 336 hour grains in Figure 2.44. 
Probe Points  Mg/Si 
1 1.484 
2 1.547 
3 N/A 
4 N/A 
5 3.173 
6 1.486 
7 1.478 
8 1.475 
Total Avg 1.774 
% Change 
From Source 
58% 
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Table A.20: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for the Serpentinite 200⁰C low-CO2 336 hour grain in Figure 2.45. 
Probe Point  Mg/Si 
1 1.372 
2 1.700 
3 11.423 
4 8.016 
5 N/A 
6 N/A 
7 1.396 
8 1.409 
9 1.669 
10 1.354 
Total Avg 3.542 
% Change 
from Source 
148% 
 
 
Table A.21: Mg/Si ratios for all probe points, average ratio, and % change from source 
average for thr Serpentinite 200⁰C low-CO2 336 hour grain in Figure 2.46. 
Probe Point  Mg/Si 
1 4.670 
2 6.779 
3 6.350 
4 1.506 
5 1.641 
6 1.559 
7 7.179 
8 5.947 
9 1.502 
10 1.509 
11 4.101 
12 3.971 
13 4.823 
14 4.584 
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Total Avg 4.009 
% Change 
from Source 
181% 
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APPENDIX B: GEOCHEMICAL DATA USED FOR MLR CALCULATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B1: Natural source and reaction data used for calculations. 
Sample 
TDS 
(ppt) 
TA (mEq) 
DIC 
(mEq) 
Temp 
(⁰C) 
pH 
pCO2 
(ppm) 
Time 
(hrs) 
Total CO2 (g CO2 
Sequestered/ kg Source 
Rock) 
Intermediate 25 LCO2 1hr 0.026 216.28 174.01 25 8.24 47.91 1 6.597 
Intermediate 25 LCO2 6hr 0.030 254.63 199.99 25 8.00 103.25 6 9.525 
Intermediate 25 LCO2 24hr 0.039 311.22 150.17 25 8.73 19.22 24 10.241 
Intermediate 25 LCO2 48hr 0.044 380.42 149.36 25 9.16 6.23 48 9.257 
Intermediate 25 LCO2 168hr 0.079 661.92 75.38 25 9.08 14.37 168 9.855 
Intermediate 25 LCO2 336hr 0.146 1466.30 80.24 25 8.78 81.60 336 10.410 
Intermediate 25 HCO2 1hr 0.059 769.98 252.95 25 5.28 176837.93 1 14.509 
Intermediate 25 HCO2 6hr 0.074 935.18 170.87 25 5.29 210685.71 6 15.564 
Intermediate 25 HCO2 24hr 0.114 1497.39 210.19 25 5.36 289661.57 24 17.284 
Intermediate 25 HCO2 48hr 0.092 1003.90 374.06 25 5.60 111022.90 48 10.111 
Intermediate 25 HCO2 96hr 0.118 1508.36 1032.91 25 6.32 31910.15 96 11.549 
Intermediate 25 HCO2 168hr 0.149 1867.94 21.64 25 5.82 126020.35 168 11.790 
Intermediate 25 HCO2 336hr 0.481 6352.32 2026.45 25 6.43 109328.78 336 21.793 
Intermediate 200 LCO2 1hr 0.402 287.69 1617.44 200 7.65 287.74 1 10.182 
Intermediate 200 LCO2 6hr 0.040 322.04 2341.60 200 9.02 8.30 6 9.394 
Intermediate 200 LCO2 24hr 0.048 399.79 3386.62 200 9.21 5.48 24 6.823 
Intermediate 200 LCO2 48hr 0.055 431.93 3652.17 200 9.51 1.95 48 8.311 
Intermediate 200 LCO2 168hr 0.088 922.16 4282.41 200 9.00 26.03 168 10.338 
Intermediate 200 LCO2 336hr 0.157 1520.62 7555.46 200 8.46 203.48 336 7.559 
Intermediate 200 HCO2 1hr 0.055 2113.97 12152.62 200 8.61 181.65 1 6.804 
Intermediate 200 HCO2 6hr 0.075 842.20 14116.95 200 6.29 18775.64 6 6.521 
Intermediate 200 HCO2 24hr 0.127 1454.09 15710.14 200 6.74 11740.15 24 5.972 
Intermediate 200 HCO2 48hr 0.176 2144.74 6576.35 200 6.79 15559.27 48 7.625 
Intermediate 200 HCO2 96hr 0.263 3337.74 8276.53 200 6.83 22397.97 96 8.692 
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Intermediate 200 HCO2 168hr 0.343 4506.85 6437.19 200 7.23 12113.51 168 11.218 
Intermediate 200 HCO2 336hr 0.572 7726.36 17781.68 200 8.24 1906.73 336 12.722 
Dun 25 LCO2 avg 1hr 0.041 375.81 302.46 25 9.01 9.93 1 17.625 
Dun 25 LCO2 avg 6hr 0.069 543.95 461.16 25 9.07 12.30 6 30.204 
Dun 25 LCO2 avg 24hr 0.051 820.32 716.86 25 8.78 43.80 24 26.172 
Dun 25 LCO2 avg 96hr 0.110 1271.15 955.45 25 9.24 16.27 96 39.990 
Dun 25 LCO2 avg 168hr 0.174 2046.06 1306.67 25 9.41 14.86 168 29.488 
Dun 25 LCO2 avg 336hr 0.172 2201.60 1052.06 25 9.49 11.94 336 24.828 
Dun 25 HCO2 avg 1hr 0.396 8395.31 14597.23 25 6.31 189067.55 1 22.580 
Dun 25 HCO2 avg 6hr 0.754 14165.06 21903.78 25 6.33 311087.07 6 42.942 
Dun 25 HCO2 avg 24hr 0.865 12200.13 15511.63 25 6.38 244631.61 24 25.045 
Dun 25 HCO2 avg 48hr 1.116 15049.92 15454.16 25 6.50 227755.54 48 27.013 
Dun 25 HCO2 avg 96hr 1.734 25394.68 36805.90 25 6.66 270098.97 96 52.041 
Dun 25 HCO2 avg 168hr 1.779 27189.37 39754.87 25 6.72 250972.19 168 29.467 
Dun 25 HCO2 avg 336hr 3.276 54792.76 58255.74 25 7.38 112361.24 336 57.641 
Dun 200 LCO2 avg 1hr 0.047 462.15 379.05 200 9.15 7.77 1 24.165 
Dun 200 LCO2 avg 6hr 0.057 582.86 576.47 200 8.76 32.89 6 39.817 
Dun 200 LCO2 avg 24hr 0.044 373.12 213.07 200 8.30 72.26 24 25.765 
Dun 200 LCO2 avg 48hr 0.046 385.51 162.28 200 8.87 15.61 48 19.581 
Dun 200 LCO2 avg 96hr 0.070 691.36 336.84 200 8.63 56.93 96 40.990 
Dun 200 LCO2 avg 168hr 0.080 758.41 92.81 200 8.81 37.82 168 32.184 
Dun 200 LCO2 avg 336hr 0.150 1527.55 70.71 200 8.68 114.24 336 70.603 
Dun 200 HCO2 avg 1hr 0.561 7516.25 8446.49 200 7.44 12605.71 1 28.618 
Dun 200 HCO2 avg 6hr 0.742 10464.79 10647.13 200 7.80 7523.50 6 45.681 
Dun 200 HCO2 avg 24hr 0.888 12420.82 12501.34 200 7.68 12048.25 24 35.514 
Dun 200 HCO2 avg 48hr 1.010 14544.07 14691.78 200 7.74 12226.92 48 40.102 
Dun 200 HCO2 avg 96hr 1.347 20531.01 19672.77 200 8.07 7945.73 96 46.211 
Dun 200 HCO2 avg 168hr 1.515 25972.20 22449.63 200 8.70 1982.40 168 80.586 
Dun 200 HCO2 avg 336hr 1.886 31675.97 28620.82 200 8.42 5238.65 336 59.173 
Web 25 LCO2 avg 1hr 0.049 412.95 283.35 25 9.70 0.87 1 101.699 
Web 25 LCO2 avg 6hr 0.064 586.44 432.13 25 9.46 3.30 6 113.012 
Web 25 LCO2 avg 24hr 0.065 611.44 540.63 25 9.51 2.82 24 97.848 
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Web 25 LCO2 avg 48hr 0.074 691.84 512.88 25 9.42 4.55 48 107.323 
Web 25 LCO2 avg 96hr 0.088 937.09 610.27 25 9.23 12.62 96 122.148 
Web 25 LCO2 avg 168hr 0.111 1098.92 679.45 25 8.97 34.31 168 134.155 
Web 25 LCO2 avg 336hr 0.187 2231.22 1144.16 25 9.23 30.86 336 103.617 
Web 25 HCO2 avg 1hr 0.414 5424.73 17511.90 25 6.22 151979.41 1 66.487 
Web 25 HCO2 avg 6hr 0.577 7856.31 14535.32 25 6.36 161887.64 6 97.886 
Web 25 HCO2 avg 24hr 0.776 11047.78 24076.31 25 6.46 181173.82 24 77.729 
Web 25 HCO2 avg 48hr 0.918 13148.08 26694.76 25 6.57 169283.63 48 82.523 
Web 25 HCO2 avg 96hr 1.255 15625.19 15269.79 25 6.83 111294.36 96 93.502 
Web 25 HCO2 avg 168hr 1.485 22730.01 21128.43 25 7.62 26157.63 168 87.378 
Web 25 HCO2 avg 336hr 2.533 40461.66 45072.06 25 7.41 75700.20 336 105.266 
Web 200 LCO2 avg 1hr 0.048 502.50 442.46 200 9.29 5.18 1 97.856 
Web 200 LCO2 avg 6hr 0.051 494.32 488.49 200 9.12 9.23 6 124.764 
Web 200 LCO2 avg 24hr 0.048 484.46 202.06 200 9.12 9.17 24 103.007 
Web 200 LCO2 avg 48hr 0.051 464.85 122.25 200 8.96 14.61 48 120.087 
Web 200 LCO2 avg 96hr 0.577 633.47 382.34 200 8.68 48.62 96 136.464 
Web 200 LCO2 avg 168hr 0.092 861.59 182.06 200 8.63 71.21 168 143.470 
Web 200 LCO2 avg 336hr 0.191 1788.50 654.92 200 8.64 149.31 336 126.604 
Web 200 HCO2 avg 1hr 0.525 6980.38 10462.69 200 6.80 51883.39 1 85.671 
Web 200 HCO2 avg 6hr 0.642 8681.39 9080.50 200 8.02 3669.56 6 112.450 
Web 200 HCO2 avg 24hr 0.820 11048.58 11328.47 200 7.84 7349.73 24 80.755 
Web 200 HCO2 avg 48hr 0.922 12729.40 12409.35 200 8.13 4254.22 48 83.305 
Web 200 HCO2 avg 96hr 1.183 17738.35 16950.60 200 8.23 4580.03 96 118.696 
Web 200 HCO2 avg 168hr 1.424 21026.79 20166.03 200 8.25 5219.37 168 88.607 
Web 200 HCO2 avg 336hr 1.626 26167.33 23548.00 200 8.50 3453.59 336 95.775 
Basalt 25 LCO2 1hr 0.121 262.58 244.77 25 9.17 4.13 1 69.953 
Basalt 25 LCO2 6hr 0.123 266.10 279.31 25 8.98 7.79 6 71.653 
Basalt 25 LCO2 24hr 0.144 305.42 263.64 25 9.31 3.00 24 79.533 
Basalt 25 LCO2 48hr 0.133 344.52 265.57 25 9.22 4.66 48 82.974 
Basalt 25 LCO2 96hr 0.175 763.24 1260.95 25 6.47 11541.85 96 123.581 
Basalt 25 LCO2 168hr 0.165 507.71 293.68 25 9.54 2.16 168 129.269 
Basalt 25 LCO2 336hr 0.235 1129.79 738.37 25 9.23 15.38 336 145.863 
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Basalt 25 HCO2 1hr 0.226 1760.06 11107.23 25 5.84 115397.11 1 92.968 
Basalt 25 HCO2 6hr 0.257 2207.89 7983.25 25 6.45 35573.99 6 108.627 
Basalt 25 HCO2 48hr 0.307 2867.94 11406.62 25 5.92 159003.49 48 92.481 
Basalt 25 HCO2 96hr 0.336 3137.09 10847.08 25 5.63 335539.47 96 111.577 
Basalt 25 HCO2 168hr 0.387 3874.39 11370.91 25 6.39 72667.37 168 70.930 
Basalt 25 HCO2 336hr 0.516 5676.08 4781.58 25 8.29 1234.99 336 189.178 
Basalt 200 LCO2 1hr 0.134 336.64 298.22 200 8.90 12.85 1 81.456 
Basalt 200 LCO2 6hr 0.149 424.84 374.95 200 9.13 7.89 6 73.098 
Basalt 200 LCO2 24hr 0.150 443.96 314.06 200 9.21 6.25 24 115.248 
Basalt 200 LCO2 48hr 0.162 508.07 301.97 200 9.29 5.55 48 91.861 
Basalt 200 LCO2 96hr 0.181 562.89 218.38 200 9.47 3.18 96 90.729 
Basalt 200 LCO2 168hr 0.211 800.23 219.36 200 9.38 6.43 168 111.453 
Basalt 200 LCO2 336hr 0.388 2185.54 934.46 200 8.86 99.55 336 206.649 
Basalt 200 HCO2 1hr 0.240 1895.38 4659.87 200 6.37 36544.03 1 88.368 
Basalt 200 HCO2 6hr 0.282 2310.77 3267.57 200 6.91 12814.46 6 93.944 
Basalt 200 HCO2 24hr 0.315 2839.07 4109.73 200 7.01 12617.67 24 102.503 
Basalt 200 HCO2 48hr 0.351 3288.18 4320.09 200 7.03 13915.72 48 98.273 
Basalt 200 HCO2 96hr 0.504 4286.50 4270.11 200 7.43 7282.80 96 108.743 
Basalt 200 HCO2 168hr 0.741 7195.49 6825.39 200 7.87 4423.98 168 209.827 
Basalt 200 HCO2 336hr 0.860 8416.82 6418.12 200 8.73 583.16 336 160.717 
Serp 25 LCO2 avg 6hr 0.047 348.39 213.40 25 9.31 3.32 6 126.471 
Serp 25 LCO2 avg 4d 0.051 242.32 383.08 25 8.36 40.24 96 197.542 
Serp 25 LCO2 avg 336hr 0.116 2074.14 600.17 25 8.70 142.04 336 243.719 
Serp 25 HCO2 avg 6hr 0.590 8228.68 14500.55 25 6.50 121713.08 6 103.342 
Serp 25 HCO2 avg 96hr 1.228 18263.92 30453.14 25 6.71 170222.70 96 109.583 
Serp 25 HCO2 avg 336hr 2.323 36946.71 47333.48 25 7.44 65196.10 336 135.725 
Serp 200 LCO2 avg 6hr 0.027 593.00 133.33 200 8.47 74.02 6 64.124 
Serp 200 LCO2 avg 96hr 0.043 298.85 538.02 200 8.52 32.88 96 158.302 
Serp 200 LCO2 avg 336hr 0.116 3099.06 220.38 200 8.40 483.88 336 174.674 
Serp 200 HCO2 avg 6hr 0.477 6543.07 6674.44 200 7.73 5504.78 6 120.727 
Serp 200 HCO2 avg 96hr 0.938 13577.61 12974.85 200 8.25 3357.26 96 245.885 
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Serp 200 HCO2 avg 336hr 0.968 13636.77 12735.13 200 8.35 2586.61 336 139.363 
CS 25 LCO2 6hr 0.114 1117.83 706.08 25 10.07 0.52 6 227.803 
CS 25 LCO2 96hr 0.124 1122.22 613.92 25 9.96 0.86 96 226.022 
CS 25 LCO2 336hr 0.137 1588.90 567.93 25 9.61 5.32 336 203.737 
CS 25 HCO2 6hr 5.245 79374.20 75427.44 25 7.23 227534.70 6 290.350 
CS 25 HCO2 96hr 9.108 136217.65 130563.14 25 7.69 123961.41 96 320.960 
CS 25 HCO2 336hr 10.305 120812.23 160407.43 25 7.93 61414.28 336 291.423 
CS 200 LCO2 6hr 0.102 927.60 484.29 200 9.99 0.60 6 200.126 
CS 200 LCO2 96hr 0.150 1394.12 276.41 200 8.78 76.59 96 212.080 
CS 200 LCO2 336hr 0.460 5702.74 103.62 200 8.90 236.51 336 214.029 
CS 200 HCO2 6hr 1.810 28659.44 27570.60 200 8.28 6640.89 6 266.004 
CS 200 HCO2 96hr 1.224 18385.20 17589.94 200 8.46 2704.15 96 249.491 
CS 200 HCO2 336hr 0.349 3758.56 2897.85 200 8.66 304.52 336 224.879 
DP 25 LCO2 avg 6hr 0.169 2117.59 1631.28 25 9.63 6.61 6 244.701 
DP 25 LCO2 avg 96hr 0.193 2313.57 1045.80 25 9.51 11.57 96 214.260 
DP 25 LCO2 avg 336hr 0.306 2667.41 1739.00 25 9.72 6.01 336 187.326 
DP 25 HCO2 avg 6hr 5.497 76683.01 74032.94 25 7.75 64207.43 6 179.035 
DP 25 HCO2 avg 96hr 10.151 167619.63 160320.37 25 7.64 168628.53 96 297.299 
DP 25 HCO2 avg 336hr 12.377 200564.97 190966.74 25 7.77 143279.87 336 285.863 
DP 200 LCO2 avg 6hr 0.125 1454.86 1068.30 200 9.48 7.94 6 228.674 
DP 200 LCO2 avg 96hr 0.147 1386.44 1154.14 200 9.61 4.63 96 163.574 
DP 200 LCO2 avg 336hr 0.313 4091.77 315.40 200 9.07 96.88 336 235.735 
DP 200 HCO2 avg 6hr 1.546 24673.78 23379.87 200 8.46 3577.12 6 228.249 
DP 200 HCO2 avg 96hr 1.601 25730.03 23986.83 200 8.60 2586.00 96 227.862 
DP 200 HCO2 avg 336hr 0.903 4731.27 11843.33 200 8.47 657.63 336 213.163 
Dunite Source 0.111 1271.46 681.62 25 8.30 2783.95 N/A 20.537 
Basalt Source 0.576 5791.15 3885.15 25 9.55 1780.40 N/A 25.352 
CS Peridotite Source 6.263 19040.75 17432.31 25 10.72 1945.55 N/A 79.328 
DP Peridotite Source 0.859 23717.15 11375.93 25 8.31 5000.41 N/A 126.866 
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